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Summary

Recently, three phase PWM AC-DC voltage source converters have been increas-

ingly used for high-performance applications such as uninterruptible power supply

(UPS) systems and industrial ac and dc drive systems, due to their attractive fea-

tures such as providing high quality dc output voltage with a small filter dc-link

capacitor, sinusoidal input current at unity power factor and bidirectional power

flow. However, all these advantages are valid so long as the grid supply voltages are

balanced. With the unbalanced and distorted supply voltages, the oscillation in the

input instantaneous active power causes the even-order harmonics to appear at the

output dc link voltage and odd-order harmonics in the ac line side currents. One

way to eliminate or minimize the even-order harmonics at the dc output voltage

and odd-order harmonics in the ac line side currents is to make use of bulky filters.

However, the bulky filters would not only slow down the dynamic response of the

PWM rectifier but also increase the size of the converter. The alternative is to make

use of active control methods with a small size filter to either eliminate or minimize

the voltage and current harmonics. The second alternative has the advantage of

providing high dynamic performance. Hence, this thesis is aimed at developing

active control solutions to achieve high performance for three phase PWM AC-DC

voltage source converters under the distorted and unbalanced supply voltage oper-

ating conditions. By using these active control solutions, the even-order harmonics

x
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at the dc link voltage of the converter can be minimized, while the input ac supply

currents are kept sinusoidal and power factor is maintained at close to unity.

This thesis analyzes the mathematical model and instantaneous power flow

of the three phase PWM AC-DC voltage source converter in the positive and neg-

ative synchronous rotating frames under the generalized supply voltage operating

conditions. Based on this proposed model, the explanations of the appearance of

the even-order harmonics at the dc output voltage and the low frequency odd-order

harmonics in the input ac currents under the unbalanced and distorted supply volt-

age conditions are provided. Moreover, the power flow analysis not only provides

direct insight into the relationship between the dc link voltage ripples and the har-

monic components in the output instantaneous power, but also shows the inner link

between the odd-order harmonics in the ac line side currents and the even-order

harmonics at the dc output voltage. Hence, the performance of three phase PWM

AC-DC voltage source converter under the generalized supply voltage conditions

can be improved either by voltage harmonics control or by power regulation.

In order to eliminate the even-order harmonics at the dc link voltage and

the odd-order harmonics in the ac line side currents, the proposed control scheme

can be highlighted as two parts, (1) DC link voltage harmonics control scheme to

eliminate the even-order harmonics at the dc link voltage and (2) AC line side

current harmonics control scheme to eliminate the odd-order harmonics in the line

side currents. Accordingly, the control signals Sp
d , S

p
q , S

n
d and Sn

q in the positive

and negative sequence in the rotating synchronous d-q frame can be divided into

two parts, (1) voltage harmonics control signals, Sp
dv, S

p
qv, S

n
dv and Sn

qv, those are

used to take care of the even-order harmonics at the dc link voltage, and (2) current
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harmonics control signals, Sp
di, S

p
qi, S

n
di and Sn

qi, those are supposed to eliminate the

odd-order harmonics in the ac line side currents. These two parts of the proposed

control scheme can be implemented by the cascaded dual frame current regulator

with a voltage regulator to ensure high-performance of the three phase PWM AC-

DC voltage source converter.

The DC link voltage harmonics control scheme is employed to provide four

current reference commands of the cascaded current controllers in the positive and

negative sequence d-q frame from the output of the voltage PI controller. Conven-

tionally, the traditional method employed for this cascaded PI controllers design is

depended on a locally linearized plant model, it cannot ensure the performance un-

der the global operating conditions. Therefore, either an adaptive gain scheduling

controller has to be designed or a fixed-gain PI controller would be used with de-

graded performance. Hence, the singular perturbation method has been proposed

to design the cascaded PI controllers in the rotating d-q dual frame for three phase

PWM AC-DC voltage source converter. The analysis of this method shows that

it is insensitive to the nonlinearities of the system and the variations in the plant

parameters. By using this singular perturbation method, two-time-scale motions,

namely, fast motion sub-system and slow motion sub-system, are induced in the

closed-loop system. Finally, the closed-loop system can achieve the desired output

transient performance by ensuring the stability conditions and properly selecting

the time constants for the fast and slow modes of the voltage and current loop,

respectively.

Based on the analysis of the distorted supply voltages, the predominant volt-

age harmonics, 5th, 7th and 11th, 13th order harmonics result in the same frequency
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harmonics on the line side currents, which appear as the 6th, 12th order harmonics

in the rotating synchronous d-q frame. Therefore, current harmonics control is

mainly used to eliminate the 6th and 12th order harmonics in the d-q frame for

the line side currents. A plug-in time domain based repetitive controller (TDRC)

scheme is developed and employed to achieve low THD line side currents of the

three phase PWM AC-DC voltage source converter. The proposed plug-in digital

repetitive control scheme can minimize the harmonics in the line side currents while

maintaining the dc link voltage constant. Since harmonic components in the time

domain are described as functions of time, the system response of the entire cycle

will have to be stored for learning and updating. The controller design would be

easier, provided the scheme is implemented in the frequency domain than in the

time domain, because the repetitive controller in the frequency domain (FDRC)

needs only to learn and update two parameters, namely, magnitude and phase. Be-

cause FDRC scheme can only learn the selected frequency, FDRC scheme performs

like notch filter, which would avoid the integral operation for high band frequencies

which are dominated by noise. Also, it is easier to calculate the appropriate phase

angle compensation for the individual harmonic frequencies where the phase lag is

inevitable from the plant and filters. Hence, FDRC scheme is introduced to replace

TDRC scheme to enhance the robustness of the control system. The learning algo-

rithm of FDRC scheme designed in the frequency domain by using Fourier series

approximation (FSA) method gives the freedom of choosing different learning gains

and phase angle delay compensations individually for each harmonic component,

which leads to improved tracking performance for the supply side line currents.

In order to strengthen our research findings, all the proposed methods have

been experimentally validated on a 1.6 kVA prototype PWM AC-DC voltage source
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converter. With the proposed dual frame control schemes, the even-order harmonic

components at the dc link voltage and the odd-order harmonic components in the

supply ac line side currents can be minimized and the supply side power factor can

be kept close to unity under the unbalanced and distorted supply voltage operating

conditions. These findings should encourage the use of three phase PWM AC-DC

voltage source converter in high-performance applications such as adjustable speed

motor drives under the generalized supply voltage conditions.

Till this stage, the performance of three phase PWM AC-DC voltage source

converter is investigated with a resistive load. However, in reality, this converter

can be used as the front-end converter of the voltage source inverter (VSI) fed in-

duction motor drive. Due to the time constraints, the performance of the proposed

PWM AC-DC voltage source converter could not be examined for the dynamic

load conditions and it is left as future work to be carried out.
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Chapter 1

Introduction

Since power electronic systems provides high efficiency of energy conversion and

being environmental friendly, they are used widely to process the available raw

source power to meet the load demands of every electrical gadget and equipment.

Three phase AC-DC conversion of electrical power is mostly required in adjustable

speed drives (ASD), uninterruptible power supplies (UPS), HVDC systems, util-

ity interfaces with non-conventional energy sources such as wind power systems,

etc., battery energy storage systems (BESS) for intermittent resources and mo-

bile devices such as electric vehicles, and power supplies for telecommunication

systems [1]-[6]. Traditionally, AC-DC converters, known as rectifiers, can provide

controlled and uncontrolled DC power by using diodes and thyristors. Those con-

ventional converters have non-sinusoidal currents, poor power factor at input AC

mains and low frequency ripples at the DC output voltage and they also need large

size of AC and DC side filters. In order to achieve the stringent power quality

requirements at the input ac main [7]-[10], a new breed of rectifiers has been de-

veloped, such as multilevel rectifiers, multipulse rectifiers, power factor correctors

(PFC), etc. [11],[12].

1
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Among all the improved power quality AC-DC converters, the pulsewidth-

modulation (PWM) voltage source converter has been increasingly employed for

high-performance applications in recent years, because it offers the possibility of

bidirectional power flow, low line side current distortions with unity power fac-

tor operation and constant DC-link voltage with a small output filter capacitor.

However, all the advantages of the PWM voltage source converter are valid only

with the assumption of balanced input supply voltage conditions. Nevertheless, the

distorted and unbalanced voltage conditions occur frequently in the input supply,

particularly in a weak AC system [13]. The performance of the PWM rectifier

deteriorates due to the presence of supply voltage harmonics and the negative se-

quence voltage component under the unbalanced input voltage conditions. Two

approaches are feasible to eliminate the harmonics appearing at the output DC

link voltage. One approach is to use bulky filters to remove the ripples in the

input/output voltage, however, it would slow down the dynamic response of the

PWM voltage source converter and cause the system oscillations due to the reso-

nance [14], which might not be acceptable for high performance applications. The

other alternative is to use active control methods to minimize the harmonics so

that small size input/output filters can be used, which would improve the dynamic

response of the PWM voltage source converter.

Therefore, the motivation behind this thesis is to model the three phase PWM

voltage source converter under the general supply voltage conditions, and to make

use of advanced control techniques to achieve ripple-free DC link voltage and si-

nusoidal ac input currents with a low total harmonic distortion (THD) level under

the distorted and unbalanced operating conditions.
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1.1 AC-DC Converter Topologies

As has been observed in recent decades, three phase AC-DC converters have been

widely used in industrial and domestic applications, such as motor drives and power

supplies etc. The AC to DC converters are of many types and can be classified as

uncontrolled and controlled types [1]. Uncontrolled rectifiers are based on power

diodes and provide a constant DC output voltage for a fixed ac input voltage. How-

ever, many applications such as DC drives require a variable DC output voltage

which cannot be achieved with diode bridge rectifies. In order to alleviate this

problem, phase-controlled AC-DC converters using the thyristors were introduced

which can provide variable DC output voltage from a fixed AC voltage input using

phase delay angle control. Both types of semiconductor devices have highly nonlin-

ear characteristics, consequently, harmonic currents are generated on the AC line

side. Thus, not only it causes voltage distortions and electromagnetic interferences

(EMI) affecting other users of the power distribution system, but also decreases

the power factor and increases volt-ampere rating of the power system equipment

(generators, transformers, transmission lines, etc.). In particular, several stan-

dards [7]-[10] have introduced important and stringent limits on harmonics that

can be injected into the power supply. One basic and typical method to reduce in-

put current harmonics is the use of multipulse converters [15]-[19]. They either use

a diode bridge or thyristor bridge with a special arrangement of magnetics through

transformers and tapped inductors. Although the THD of the supply currents

can be reduced to 5%, the converter becomes bulky and the cost of the converter

increases.

With the development of new solid state self commutating devices such as
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metal-oxide-semiconductor field-effect transistors (MOSFET), insulated gate bipo-

lar transistors (IGBT), gate-turn-off thyristors (GTO), etc., many new switch-mode

rectifier (SMR) topologies [20]-[23] have been developed to reduce the distortions

in the input currents, so called power factor correction (PFC). In these converters,

the controlled power switches are employed to change actively the input currents

waveform and consequently the power factor is improved. Several PFC topologies

like dual boost and V ienna rectifiers [22], [23], are only suitable for the application

where power is transmitted from the ac source to the dc load. However, there

are many applications that require bi-directional power flow during the operation.

An additional improvement on the harmonics reduction is to use passive power

filters, active filters (AF), and hybrid filters along with conventional rectifiers [24]-

[28]. However, these filters are quite costly, bulky, and lossy, which reduce overall

efficiency of the complete system.

Comparing with all these options for three phase improved power quality

AC-DC converters, the simple PWM buck/boost rectifier topology as shown in

Fig. 1.1 consists of the low-cost three-phase module with bidirectional energy flow

capability and high quality input current waveforms. Therefore, it is still preferred

to be used for high performance ASD, UPS, etc.

Buck/boost converters produce a regulated output voltage of either less than

or greater than the input voltage. When the input voltage is higher than the out-

put voltage, the rectifier is called as a buck converter. When the input voltage

is lower than the output voltage, it is said to be a boost converter. In the buck

type rectifiers, because of the inductance on the DC side in the circuit, it can pro-

vide extremely smooth DC currents to the load, so it is also called current source
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(a) Buck rectifier

(b) Boost rectifier

Figure 1.1: Basic topologies of rectifiers (a) buck and (b) boost.

rectifiers (CSR). The output of the boost type rectifiers are connected with a DC

capacitor, which can offer the stabilized DC link voltage, so it is called voltage

source rectifiers (VSR). According to the switching network of the converter, the

major difference between boost converter and buck converter is the switching struc-

ture [29]. Generally speaking, we can define the switching function djk of a switch

jk as:

djk =

 1 switch jk is on

0 switch jk is off
j = {a, b, c} , k = {p, o} (1.1)

For buck rectifier, as shown in Fig. 1.1 (a), only one of three top switches
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and one of three bottom switches can be turned on at the same time. So there are

three possible switch states for top or bottom switches at one time. This kind of

switching network is called as two single-pole triple-throw switches (Two Switch

Network - 2SN) [29]. While boost rectifier in Fig. 1.1 (b) can only turn on one of

two switches in each phase at the same time, so that there are two possible switch

states for each phase switches at one time. It is called three single-pole double-

throw switches (Three Switch Network - 3SN). But for any switching structure, it

should be guaranteed that the terminal voltage sources are never shorted and there

is always a source to provide the inductor current. Therefore, the switch function

of buck rectifier can be expressed as

dak + dbk + dck = 1, k = {p, o} (1.2)

And the switch function of boost rectifier can be written as

djp + djo = 1, j = {a, b, c} (1.3)

According to (1.2) and (1.3), the independent control of the three bridge legs

in each phase is not allowed for Two Switch Network in the buck rectifier, whereas

it is possible for Three Switch Network in the boost configuration. For this reason,

it is easier to design control scheme for the boost rectifier to reduce the ripples

at the output DC voltage. Moreover, the input currents of the buck rectifier are

discontinuous, thus the very large filter capacitors should be put on the AC side in

order to achieve the sinusoidal currents as shown in Fig. 1.1 (a). Those capacitors

absorb the reactive power, as a result, the phase angle between converter input

currents and supply voltages cannot be regulated. Therefore, in the area of the

variable speed AC drives, it is believed that three-phase PWM AC-DC voltage

source converter will replace the diode rectifier as the front-end converter in the

near future. It is desirable to have the following characteristics for a three-phase
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PWM AC-DC voltage source converter:

• Controlled ripple-free DC output voltage

• Close to sinusoidal input phase current

• Unity power factor

• Regenerative capability

• Load disturbance rejection

• High dynamic performance

• Small capacitor in the DC link

Besides that, three-phase PWM AC-DC voltage source converter has some

other useful properties, such as the DC link voltage higher than the AC supply

voltage amplitude and the possibility of being integrated into one module. On all

accounts, the PWM voltage source converter is suitable to be employed not only in

drive systems but also in reactive power compensators and power supply systems.

1.2 Operating Principle of PWM Voltage Source

Converter

The power circuit configuration of a three-phase PWM AC-DC voltage source

converter is shown in Fig. 1.2. The line inductance L is used to suppress the

harmonics in the line side current supplies. The DC link voltage Vdc is established

by charging the capacitor C through the switch-mode converter.
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Figure 1.2: The three-phase PWM AC-DC voltage source converter circuit.

If all the parameters in the three phases are identical, we can use any one

phase to represent the whole circuit. It is commonly known that the fundamental-

frequency components of the three phase supply voltages ea1(t), eb1(t) and ec1(t)

and the corresponding fundamental currents ia1(t), ib1(t) and ic1(t) are responsible

for the useful power transfer. By ignoring the voltage drop across the parasitic

resistance R, the basic circuit equation for the fundamental components in phase

a can be expressed as,

ea1(t) = uan1(t) + vaL1(t) (1.4)

The phasor form of (1.4) can be expressed as (1.5), and the corresponding

phasor diagram is shown in Fig. 1.3 (a).

ēa1 = ūan1 + v̄aL1 (1.5)

where v̄aL1 is the fundamental frequency component of voltage drop across the

inductance, v̄aL1 = jωLīa1.

Therefore, the fundamental component of the line side current can be written

as,

īa1 =
ēa1 − ūan1

jωL
(1.6)
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(a) Phasor diagram

(b) Voltage and current waveforms

Figure 1.3: Waveforms of PWM converter in the rectifier mode.

The equation (1.6) shows that the phase angle δi and the magnitude Ia1 of

the fundamental line side current īa1 is decided indirectly by the angle δu and the

amplitude Uan1 of the fundamental converter voltage ūan1.
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From the phasor diagram in Fig. 1.3 (a), we can obtain the relations,

VaL1 cos δi = ωLIa1 cos δi = Uan1 sin δu (1.7)

VaL1 sin δi = ωLIa1 sin δi = Ea1 − Uan1 cos δu (1.8)

Applying (1.7), the real power Pin supplied by the AC source to the converter

is

Pin = Ea1Ia1 cos δi =
E2

a1

ωL

(
Uan1

Ea1

sin δu

)
(1.9)

The equation (1.9) shows that when the converter voltage ūan1 applied to the

load lags ēa1 by the angle δu, that is, δu is positive value, so the real power is positive,

and at that time, the converter is said to be operating in the rectifier mode where

power flows from the ac supply side to the dc load side, while when the converter

voltage ūan1 leads ēa1 by the angle δu is negative, so the real power is negative, the

converter works as an inverter and the direction of power flow reverses. It also can

be observed that the equation (1.9) is the same as a synchronous machine connected

to utility where receiving end and sending end are separated by an inductance.

In the same way, the reactive power Qin supplied by AC source can be ex-

pressed by using (1.8),

Qin = Ea1Ia1 sin δi =
E2

a1

ωL

(
1− Uan1

Ea1

cos δu

)
(1.10)

It is noted that Qin is the sum of the reactive power absorbed by the converter and

the reactive power consumed by the inductance L.

The steady state voltage and current waveforms for rectifier operation shown

in Fig. 1.3 (b) matches the phasor diagram. It is clear that the power factor is de-

termined by the phase delay δi between the supply voltage ēa1 and the fundamental
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line side current īa1. When ūan1 is varied, the voltage drop across the inductance

L can be adjusted, which leads to the desired line side current. Thus, for a given

supply voltage and chosen inductance, the values of the active power Pin and the

reactive power Qin can be controlled by changing the magnitude Uan1 and the phase

δu of the converter voltage ūan1 [30]. In this way, the component of ūan1, which

is perpendicular to supply voltage ēa1, decides the active power proportionally.

On the other hand, the reactive power can be controlled independently with the

component of ūan1 in phase with the supply voltage ēa1.

Therefore, the key to provide the desired active output power and the con-

trollable reactive power is to generate the proper switching signals for switches in

the three legs of voltage source converter which decides the required fundamental

converter voltage ūan1. Changing the amplitude Uan1 of this fundamental compo-

nent and its phase shift δu with respect to the supply voltage ea1, the three phase

PWM voltage source converter can provide the regulated DC link voltage and low

distorted line side currents with close to the unity power factor operation.

1.3 Problem Statement

Since the boost PWM rectifier offers several advanced features such as the sinu-

soidal input currents with unity power factor operation and simultaneous high

quality dc output voltage with small size dc side filter, it has been increasingly

used in the recent years. However, all the advantages for the PWM rectifier only

work with the implicit assumption of the balanced supply voltage conditions. Nev-

ertheless, evaluation of real operating conditions shows that this assumption is false
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in nearly every case. The unbalance and distortion in the supply voltages occurs

frequently, particularly in a weak ac system.

The major causes of the unbalanced voltage are that single phase loads in the

system are not uniformly distributed among the three phases in some rural electric

systems or that heavy single phase demands are imposed by some facilities in large

urban power systems. Also, the the unbalanced condition can be caused by the

load switching, a nonsymmetrical transformer winding or transmission impedances,

open wye, open delta, etc. Both the power quality standards EN 50160 and IEEE

Std.1159 define the normal operating range is typically from 90% to 110% of the

nominal voltage [8],[9]. In addition, EN 50160 standard allows the duration of

voltage sag to be less than 1 second and the voltage drops rarely below 40% [13].

In the power distribution networks, the voltage waveform is never exactly a

perfect single frequency sine wave. The main contribution to harmonic voltage dis-

tortions is due to nonlinear loads. A growing part of the load is fed through power

electronics converters, such as silicon controlled rectifiers and variable speed drives

and etc., drawing nonsinusoidal currents. The harmonic current components cause

harmonic voltage components, and thus a nonsinusoidal voltage, in the system. It

is not uncommon to have current THD level as high as 25% within some industrial

settings [13]. Standard EN 50160 gives limits for the harmonic voltages in grids

that the 5th order harmonics and the 7th order harmonics should not exceed 6%

and 5% of the nominal voltage, respectively [9].

Under the unbalanced and distorted input voltage conditions, the perfor-

mance of three phase PWM AC-DC voltage source converter is deteriorated by
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the negative sequence voltage and voltage harmonics. In [31] and [32], it has been

shown that unbalanced supply voltage leads to the appearance of an abnormal sec-

ond harmonic component at the converter dc output terminals. In turn, it reflects

back to the input causing a third-order harmonic current to flow. Next, the third-

order harmonic component causes a fourth-order harmonic voltage on the dc side.

As a result, the unbalanced supply voltage conditions lead to even-order harmonics

at the dc output voltage and low frequency odd-order harmonics in the input ac

currents [33]. Also, the distorted supply voltages cause the harmonic component of

the supply voltage harmonics frequency in the input line side currents [34]. Hence,

the abnormal low frequency harmonics both on the ac and dc side under the un-

balanced and distorted operating conditions completely offset several advantages

of three phase PWM rectifiers.

However, most of the high performance industrial applications require that

the DC output of the voltage supplies can be regulated to be within a specified

tolerance band (e.g., ±1% around its nominal value) in response to changes in the

output load and the input line voltages [1]. Besides, it is recommended that the

THD of the harmonic currents injected into the utility system from power electronic

equipment and other nonlinear loads should be less than 8% [10].

In order to guarantee that three phase PWM rectifiers are able to keep the

DC link voltage constant and does not inject more harmonic currents into the dis-

tribution system under unbalanced and distorted supply voltage conditions, there

are two possible approaches feasible. One approach is to use bulky filter circuits to

remove the ripples in the output voltage and input currents [14], [35]. However, it

would slow down the dynamic response of the PWM boost rectifier and cause the
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system oscillations due to the resonance [14], also increase the size of the converter.

The other alternative is to use active control schemes to minimize the harmonics

so that small size input/output filters can be used and the dynamic response of

the PWM rectifier can be ensured. Hence, this approach is more suitable for the

high performance applications which require a ripple-free DC output voltage and

low THD line side currents with close to unity power factor operation.

Therefore, the major focus of our study is to provide three phase PWM

AC-DC voltage source converters under the unbalanced and distorted operating

conditions with the active control solution to eliminate the even-order harmonics

at the dc voltage, keep the input ac line currents sinusoidal and maintain close to

unity power factor and low THD operation.

1.4 Literature Review

Over the past few years, there have been extensive studies on the control methods

for three phase PWM AC-DC voltage source converters to eliminate the harmonics

at the dc link voltage and keep the input ac line side current sinusoidal under the

unbalanced input supplies [31]-[70]. Rioual et al. [36] have proven that there are

the second-order harmonics in the instantaneous active and reactive power when

three phase PWM AC-DC voltage source converter operates under the unbalanced

operating conditions. Most of the control methods compensating for the unbal-

anced supply voltage in the preceding works can be classified depending on the

method to regulate the active and reactive power.

As suggested in [37], we can establish an intimate relationship between con-
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trol of PWM rectifier and control of an induction motor drive, as shown in Fig. 1.4.

The speed control loop of the induction motor drive corresponds to dc link voltage

control for PWM rectifier. The motor torque reference obtained from the speed

control loop is analogous to the active power reference from the dc link voltage

control. The motor torque and the active power reference are indirectly controlled

by the q-axis current in both the systems, respectively. The flux control for induc-

tion motor drives can be considered similar to the reactive power control for PWM

rectifiers, which both are related to the current in the d-axis in the each system.

(a) Field oriented control of induction machine

(b) Voltage oriented control of PWM rectifier

Figure 1.4: Control structure of induction machine and PWM rectifier.

As an analogous system with induction motor drives, the control strategies

of three phase PWM rectifier can be divided into the two major categories. One

strategy is Voltage Oriented Control (VOC), which is to regulate the active and

reactive power indirectly by the respective currents, the other strategy is called

Direct Power Control (DPC), which is to control the active and reactive power

of the three phase PWM rectifier directly [38]. This idea is similar to the control

strategy of Direct Torque Control (DTC) for the induction motor drives [39].
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1.4.1 Voltage Oriented Control

In voltage oriented control (VOC) scheme, the DC voltage regulation is ensured by

the outer voltage control loop and the unity power factor is met by controlling the

inner current loops to make the current vector in phase with the supply voltage

vector according to the operating principles discussed in Section 1.2. In VOC, the

high dynamic and static performances are guaranteed via internal current control

loops. Consequently, the final configuration and performance of the VOC system

largely depends on the quality of the applied current control strategy [40].

Many researchers have analyzed the influences of the unbalanced supply volt-

age and provided the control schemes such as input power regulation method and

output power regulation method, etc., as reported in [43]-[60]. In order to get rid of

the additional hardware or corresponding software such as PLL circuit and make

the implementation easier, the control schemes in [43], [44], [45] have been pro-

posed in the a-b-c reference frame. However, because there is no direct relationship

between the currents in the a-b-c reference frame and the instantaneous active and

reactive power, the performance of the power regulation is degraded. To overcome

this problem, Verdelho [46] has presented the the control schemes in the stationary

α-β frame, the rotating synchronous d-q frame.

In the stationary α-β frame, the currents appear as sinusoidal even in the

balanced operating condition, so simple linear controllers such as PI controller

cannot handle this kind of tracking problem. While in the rotating synchronous

d-q frame, the current signals are converted into the dc components id and iq,

hence, the controller is only required to deal with the regulation problem, which is
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possible to handle by the simple PI controller. Therefore, the current controllers

implemented in the rotating synchronous d-q frame are preferred, as shown in

Fig. 1.5.

Figure 1.5: Simplified block diagram of the VOC scheme.

The reference active power is obtained from the output of the outer DC volt-

age controller. Then, together with the reference reactive power, the reference

d-q-axes currents can be calculated. The inner current control loops are respon-

sible to regulate the actual d-q currents at the reference level. As a result, the

control objective to remove the harmonics at the dc link voltage is supposed to

be achieved. However, under the unbalanced supply voltage conditions, the cur-

rents in the rotating synchronous d-q frame are not exactly constant because of the

appearance of the negative sequence components in the currents and therefore, it

poses problems for the current controllers.

In [47], the positive and negative sequence components of the input voltage are

first considered in the control scheme. Rioual et al. [48] have proposed a generalized

model of the PWM rectifier and determine the positive and negative sequence

current commands in order to keep the dc link voltage constant and the average

value of reactive power zero. In this scheme, the negative sequence command is
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transformed into the positive synchronous reference frame (SRF), which appears as

a second order harmonics. However, it is difficult to extend the control bandwidth

wide enough to track this command.

To solve this problem, Song et al. [49], [50] and Suh et al. [51], [52] calculated

the four reference currents based on the models built in the separated positive

and negative SRFs and the current control is implemented with the four feedback

PI controllers. However, these dual current regulators of positive and negative

rotating synchronous frames in their works suffered from the limitation of current

feedback loop bandwidth leading to the unsatisfactory transient responses. It is

mainly due to the low pass filter and the notch filter employed in the functional

block of extracting the positive and negative sequence components of the three

phase line side currents.

In order to avoid the measurement delay or phase delay generated by the fil-

ters in the complicated calculation for separating the positive and negative sequence

components, Ahn and Hyun [53] and Suh et al. [54] redefined the d-q components

in the positive and negative rotating synchronous frame to simplify the calculation

of the symmetrical components. Consequently, the d-q components in the dual

frame are no longer constant, instead the second order harmonics were involved in

the reference currents. Although this method relieves the stress on the limitation

of the controller bandwidth, it brought the control problem back to the tracking

task from regulation task.

From the power flow point of view, Rioual et al. [48] and Song et al. [49]

had proposed the control scheme to regulate the instantaneous active power at the
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input side of the voltage source converter under the unbalanced supply voltage

conditions. However, under the unbalanced supply situations, even when the input

power is maintained to be a constant, the output power of the rectifier is not

constant due to nonzero instantaneous power on the line side inductances.

Stankovic and Lipo [55]-[57] addressed this problem and proposed a corre-

sponding current reference calculation method based on the generalized converter

model. However, the proposed control algorithm uses the definition of phasor no-

tation that requires the calculation the phase amplitude and angle for a certain

frequency. Moreover, this method utilizes the model to build the feed-forward

compensations for the fundamental frequency rather than to regulate the instan-

taneous power explicitly so that it is not suitable for implementation with the

feedback controller.

Chomat and Schreier [58], [59] also put forward a solution for the power reg-

ulation problem. Their proposed control scheme is to derive the control signals

based on the DC link current regulation, which can maintain the output instan-

taneous output power directly. But this control signal derivation is model based,

hence, the performance is sensitive to the circuit parameters and the measurement.

This causes that the system can only work under the designed operating range.

Suh et al. [51]-[52], [54] and Yin et al. [60] proposed the mathematical model

to regulate the instantaneous active power at the terminal of the converter, but

the penalty is to increase the complexity of implementation significantly due to the

requirement of solving a set of nonlinear equations in real-time.
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1.4.2 Direct Power Control

Another control strategy, called direct power control (DPC), is based on the in-

stantaneous active and reactive power control loops. In DPC, there are no internal

current control loops and no PWM modulator block, because the converter switch-

ing states are appropriately selected by a switching table based on the instantaneous

errors between the commanded and estimated values of active and reactive power.

Therefore, the key point for implementation of the DPC system is a correct and

fast estimation of the active and reactive line power [64].

In [64], the authors established the algorithm to calculate the instantaneous

active and reactive power for the control purposes. This algorithm is based on the

voltage source angular position and the derivative of the currents in the rotational

reference frame. Although in the final expression of the controller only the active

and reactive powers are involved, the nature of the controller is still related to the

currents and the derivative of the currents make the system easily unstable. In

addition, the method still needs a PWM block to generate the final control vector.

Therefore, this technique cannot be considered as direct in the terminology that

we use.

Noguchi [62] brought out the idea of DPC, which consists of selecting a control

vector from a look-up table based on the error of active and reactive power as well

as on the angular position of the estimated voltage source vector. This scheme is to

regulate the dc link voltage by controlling the active power, while the unity power

factor operation is achieved by controlling the reactive power to zero. In order to

reduce the number of the voltage sensors and to simplify the implementation, the
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authors proposed an estimation algorithm for the voltage vector. Unfortunately,

this algorithm involves the computation of the derivative of the measured currents,

so the computation may become noisy, especially at low currents, and it is strongly

dependent on the plant parameters like the inductance.

Malinowski et al. [63] followed a similar control scheme as in [62], but they

proposed to estimate a vector named virtual flux instead of the voltage source

vector. Fig. 1.6 shows the block diagram of the most of the used DPC system.

The instantaneous active and reactive power can be obtained from the estimated

virtual flux and measured currents. The outputs of the power controller go through

a switching table to decide the converter switching states appropriately. With this

modification, Malinowski et al. [63] tried to reduce the extremely large sampling

frequency required in the original DPC, as well as the inherent noise introduced in

the computation of real and reactive power. The estimation algorithm is basically

the integration of the injected voltage plus the voltage drop in the inductance.

This technique, although inherently very practical, may be sensitive to inductance

parameter variations and to initial conditions. Moreover, this algorithm requires a

large value of the inductance and still needs a high sampling frequency, and results

in variable switching frequency.

To alleviate the problem for the variable switching frequency, Malinowski et

al. [65], [66] substituted the modulation strategy from a switching table method to

the space vector modulation, which can guarantee a constant switching frequency.

Also, Serpa et al. [67] tried to use the alternative method to solve this problem. In

[67], the decoupling hysteresis controller was proposed to reduce the three phase

current interaction, so that the switching frequency becoming more uniform and
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Figure 1.6: Simplified block diagram of the DPC scheme.

allows for a near constant switching frequency if a variable hysteresis band is imple-

mented. However, all the works are based on the assumption of sinusoidal balanced

supply voltage.

Komatsu and Kawabata [68] improved the algorithm for the instantaneous

active and reactive power calculation to make it suitable for the unsymmetrical

voltage system. But this method only can obtain the instantaneous active and

reactive power in the input side of the voltage source converter, consequently, the

output active and reactive power cannot be estimated accurately.

Escobar et al. [69] modified the original DPC algorithm by utilizing the con-

cept of output regulation subspaces. Generally, this modified controller changes

the origin of the space to make the selection of the control inputs more accurate,

so that the voltage source converter can deal with unbalance and distortions in the

supply voltage. The drawback of this method is that the complexity of computation

increases significantly.

Cichowlas [70] improved the phase locked loop to synchronize the positive
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sequence precisely and quickly under the unbalanced supply voltage conditions.

But the controller in [70] only works on the positive sequence components, so the

ripples in the dc link voltage under the unbalanced supply still cannot be eliminated

properly.

The DPC system constitutes a viable alternative to the VOC of three phase

PWM AC-DC voltage source converters, but this solution should have high sam-

pling frequency, in response to obtain the estimated instantaneous active and re-

active power accurately. As a result, the fast microprocessor and A/D converters

are required. Due to the strict requirements of implementation, this method is not

as popular as compared to VOC.

1.5 Contribution of this Thesis

As described in the literature survey on three phase PWM AC-DC voltage source

converter, although most of the research works eliminate the harmonics at the dc

link voltage under the unbalanced supply voltages by regulating the instantaneous

power flow, there are no detailed investigations to explain the direct relationship

between the instantaneous power and the ripples in the dc link voltage. Moreover,

few control schemes have been considered to directly deal with the harmonics in

the ac line side currents under the unbalanced supply voltages, which can hardly

handle the supply current harmonics when the supply voltages are distorted. Hence,

this thesis is aimed at developing an active control solution to eliminate the even-

order harmonics at the dc voltage, to keep the input ac current sinusoidal and to

maintain the unity power factor and low THD operation under the distorted and
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unbalanced supply voltage conditions. The contributions of this thesis work are

listed as following:

• A new mathematical model has been developed for the three phase PWM

AC-DC voltage source converter in positive and negative synchronous rotat-

ing frames under the distorted and unbalanced operating conditions. Based

on this mathematical model, a detailed explanation can be given on the ap-

pearance of the even-order harmonics at the dc link voltage and odd-order

harmonics in the ac line side currents under the distorted and unbalanced

supply voltages.

• The analytical expression of the instantaneous power flow has been obtained

from the proposed mathematical model. This instantaneous power expression

not only gives a clear picture about the link to the ripples in the dc link

voltage, but also provides an insight into the way to improve the performance

of three phase PWM AC-DC voltage source converter under the generalized

supply voltages by power regulation.

• In order to eliminate the even-order harmonics at the dc link voltage and

the odd-order harmonics in the ac line side currents, the control scheme can

be divided into two parts, DC link voltage harmonics control scheme and

AC line side current harmonics control scheme. For the purpose of voltage

harmonics control, the cascaded PI dual rotating frame controller has been

developed to make sure that the dc link voltage is maintained constant and

the supply side power factor is kept close to unity. Unlink the conventional

PI controller design relying on a locally linearized plant model, the nonlinear

control approach, singular perturbation method has been adopted and two-

time-scale motions are introduced to give a detailed dynamic analysis of the
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whole control system.

• Current harmonics control is mainly to eliminate the 6th and 12th order har-

monics in the d-q frame line side currents. A plug-in time domain based

repetitive controller (TDRC) is developed and employed to achieve the low

THD line side currents of the three phase PWM AC-DC voltage source con-

verter. This scheme can improve the ac input currents and the dc output

voltage tracking accuracy substantially under the distorted and unbalanced

supply voltage conditions.

• The plug-in frequency domain based repetitive controller (FDRC) has been

proposed to further minimize the odd-order harmonics in the line side cur-

rents. The repetitive control learning algorithm is designed in frequency

domain, by using Fourier series approximation (FSA) method, provides the

flexibility of choosing different learning gains and phase delay compensations

individually for each harmonic component. This control scheme leads to the

improved tracking performance for the ac line side currents.

1.6 Experimental Setup for the Thesis Work

To verify the feasibility of the proposed control scheme, the experiments for three

phase PWM AC-DC voltage source converter were conducted to compare with the

conventional controller, under the distorted and unbalanced operating conditions.

The hardware prototype is described here.

Fig.1.7 shows a block diagram of our experimental setup. Here is a list of

modules used in the experimental platform:
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Figure 1.7: Experimental Setup.

• Three phase programmable power supply

• Digital controller for implementing the control algorithm

• Power converter and Driver

• Voltage sensors

• Current sensors

• Signal pre-processing boards

We will implement the proposed controller in our lab platform as shown in Fig. 1.7.

The control development platform is DSPACE DSP system (DS1104), which uses

a floating processor MPC8240 as the main processor, and a TMS320F240 motion

control DSP. The PC interface of the DSP controller provides an easy development

environment. The DSP controller has four A/D and D/A channels. The three

phase supply voltage ea, eb and ec, the dc link voltage vdc, and the two line side
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current ia and ib are measured. All the signals are scaled and filtered before fed

back via the A/D channels. At the beginning, one 100Ω resistance is usd for loading

the PWM boost rectifier. All the control algorithms developed are written in ’C’

programming and downloaded in the DSP chip. The IGBT module adopted the

symmetric PWM modulation at a 20 kHz switching frequency.

1.6.1 Programmable Power Supply

California Instruments 3000Lx has been used as the three phase programmable

power supply for the prototype three phase PWM AC-DC voltage source con-

verter. By combining a flexible AC power source with a high-end harmonic power

analyzer, the power supply systems are capable of handling applications that would

traditionally have required multiple instruments. With precise output regulation

and accuracy, high load drive current, multi or single phase mode and built-in

power analyzer measurement capabilities, this ac source address many application

areas for AC power testing. Moreover, it provides sine and clipped sine waveforms

in addition to user defined arbitrary waveforms. Harmonic waveforms can be used

to test for harmonics susceptibility of a unit under test. To simulate common line

disturbance occurrences, this supply offers a list of transient steps. All these setting

can be programmed from the front panel or downloaded over the interface using the

GUI program supplied. This supply equipped with IEEE-488 (GPIB) and RS232C

remote control interfaces and support SCPI command language programming.
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1.6.2 Digital Controller

The dSPACE R&D Controller Board (DS1104) has been used for testing the con-

trol algorithms. The DSP processor TI TMS320F240 was employed with 10 kHz

sampling rate in the control board. Some of its special features are as follows:

1.6.2.1 Hardware Features

• It is plugged into a PCI slot of a PC.

• It is a complete real-time control system based on a 603 PowerPC floating-

point processor running at 250 MHz

• Memory

– Global memory: 32 MB SDRAM

– Flash memory: 8 MB

• Timer

– sample rate timer (decrementer): 32-bit down counter, reload by soft-

ware, 40ns resolution

– 4 general purpose timer: 32-bit down counter, reload by hardware, 80ns

resolution

• Interrupt

– 5 timer interrupts

– 2 incremental encoder index line interrupts

• ADC
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– 4 multiplexed channels equipped with one 16-bit sample & hold ADC,

10 V input voltage range, 2 ms conversion time

– 4 channels each equipped with one 12-bit sample & hold ADC, 10 V

input voltage range, 800 ns conversion time

• DAC

– Eight 16-bit resolution, 10 V output voltage range, 5 mA maximum

output current Max. 10 ms settling time

• Digital I/O

– 20-bit parallel I/O Single bit selectable for input or output 5 mA maxi-

mum output current TTL output/input levels

• PWM output Texas Instruments TMS320F240 DSP 16-bit fixed-point proces-

sor 20 MHz clock frequency slave DSP subsystem for timing signal generation

– 3-phase PWM output

– 14-bit digital I/O

1.6.2.2 Software Features

‘ControlDesk’ is dSPACE’s software for carrying out experiments, a graphical user

interface for managing the dSPACE boards. It provides all the functions to con-

trol, monitor and automate experiments and make the development of controllers

more efficient. The dSPACE Real-Time Library, the real-time core software with

a C programming interface is provided to help access the hardware I/O for imple-

mentation of the controller. Instrumentation offers a variety of virtual instruments
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to build and configure virtual instrument panels according the one’s needs. Input

instruments allow to change parameter values online. Any set of instruments can

be combined to produce a virtual instrument panel that is specific to the applica-

tion. In addition, Instrumentation provides data acquisition instruments from the

application running on the real-time platform.

The control algorithms developed as discussed in this thesis are written in ‘C’

programming language and have been verified on this experimental platform.

1.6.3 Power Converter and Drive

This power converter, three phase PWM AC-DC voltage source converter, com-

prises a three phase IGBT bridge with three 5.5 mH line side smooth inductances

in series. The dc link of the three phase bridge is connected with a 200 µF capaci-

tor and a resistive load. The driver signals to three phase voltage source converter

are provided by the PWM output of the dSPACE R&D Controller Board via a

shield flat-ribbon cable. The detail description of the power and drive modules are

referred to Appendix E.

1.6.4 Voltage Sensor

Two voltage sensors are used for independent measurement of the two supply line

voltages eab and ebc. The multi-range (10-500V) LEM Module LV 25-P voltage

transducers are employed. The conversion ratio is 2500:1000. The resistor on the

primary side is 60 kΩ and the secondary 300 Ω resistor is connected to convert the



Chapter 1. Introduction 31

sensed current signal into an equivalent voltage signal. With the above setting,

the calibrated voltage signal is given by 0.0125V/V . Finally, the circuit board

containing the two voltage sensors is put inside another shielding box to minimize

the EMI effect.

1.6.5 Current Sensor

Two current sensors are used for independent measurement of the two line side

currents. Here, multi-range (5-8-12-25A) LEM Module LA 25-NP current trans-

ducers are used. In this application, primary to secondary turns ratio is selected

to be 1:1000 (thereby the current range becomes 25A). Across the output, 300 Ω

resistor is connected to convert the sensed current signal into an equivalent volt-

age signal. With the above turns ratio, the calibrated voltage signal is given by

0.3V/A. Finally, the circuit board containing the two current sensors is put inside

another shielding box to minimize the EMI effect.

1.6.6 Signal Pre-processing Boards

The DSP interfacing circuits consist of filters for line side current signals, supply

side line voltage signals, and dc link voltage signal. Filters are required for the

current and voltage signals since they generally come from noisy environment and

it is necessary to minimize their noise content before feeding them into DSP for

processing. They also act as anti-aliasing filters for the digital controller. According

to ‘Sharon’s Sampling Theorem’, the analog input to a digital system should not

contain any frequency component beyond half the sampling frequency of the digital
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system. The sensed signals from the line side currents and voltages contain the

switching frequency 20 kHz, so that this switching frequency should be filtered

out before the signals is fed back to digital controller. These two issues determine

the cut-off frequencies for the filters. In the present implementation, second order

low-pass Butterworth filters are used. The cut-off frequencies are chosen to be 1

kHz. Further, programmable gain amplifiers (PGAs) with a gain of 2 have been

used in the filters to ensure the full load current spans the input range of the the

ADC converters (±10V ). With this PGA gain, the current signals are calibrated

as 1.6667A/V . The outputs of the PGAs are connected to the ADC inputs of the

DSP connector board.

1.7 Organization of This Report

Chapter 1 has introduced the background of the thesis work. Basic operation of

three phase PWM AC-DC voltage source converter has been explained. The prob-

lem under the distorted and unbalanced operating conditions have been identified.

Motivation for this research has been stated. A brief review of past work has been

provided to show the state-of-the-art. Contributions of the thesis work have been

listed. The prototype three phase PWM converter and the experimental setup are

described.

Chapter 2 discusses issues of PWM voltage source converter modelling. The

new mathematical model has been built for the three phase PWM AC-DC voltage

source converter in the positive and negative synchronous rotating frames under

the generalized operating conditions. From this mathematical model, a detailed
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explanation can be given on the appearance of the even-order harmonics at the dc

link voltage and odd-order harmonics in the ac line side currents under the distorted

and unbalanced supply voltages. The analytical expression of the instantaneous

power flow obtained from the proposed mathematical model shows the link between

the ripples in the dc output voltage and the harmonics in the ac line side currents.

The simulation results have been provided to verify the proposed analysis.

The issues of the implementation of control strategy are discussed in Chapter

3. In order to eliminate the even-order harmonics at the dc link voltage and the

odd-order harmonics in the ac line side currents, the control scheme can be divided

into two parts, DC link voltage harmonics control scheme and AC line side current

harmonics control scheme. These two control schemes have been implemented by

the cascaded dual frame current regulator with a voltage regulator. Moreover, the

three independent blocks, namely, PWM modulation scheme, software phase locked

loop and symmetrical components calculator, those are used in the control system

of this thesis work, have been addressed. The influence of these blocks on the

three phase PWM AC-DC voltage source converter have been explained from the

analytical point of view.

Chapter 4 has discussed the issues of choosing the control parameters for the

basic cascaded dual rotating frame controller. In voltage harmonics control, the

dual frame controller has been developed to make sure that the dc link voltage

is maintained constant and the supply side power factor is kept close to unity, so

the control parameter should be properly designed for the generalized operating

conditions according to some performance criteria. The nonlinear control approach,

singular perturbation method has been introduced and two-time-scale motions are
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used to give a detailed dynamic analysis of the whole control system. Detailed

design steps are provided for obtaining various parameters of the cascaded dual

frame controller used in this work.

Chapter 5 has proposed current harmonics control scheme for accurate track-

ing the ac line side currents. To eliminate the 6th and 12th order harmonics in the

d-q frame line side current under the distorted and unbalanced supply voltages, a

plug-in time domain based repetitive controller (TDRC) is developed and employed

to achieve the low THD line side currents of the three phase PWM AC-DC volt-

age source converter. The experimental results verify that TDRC control scheme

has improved the ac input currents and the dc output voltage tracking accuracy

substantially under the distorted and unbalanced supply voltage conditions.

Chapter 6 introduces a plug-in frequency domain based repetitive controller

(FDRC) for current harmonics control scheme for three phase PWM AC-DC volt-

age source converter. The frequency domain based repetitive controller (FDRC)

has been proposed to further minimize the odd-order harmonics in the line side cur-

rents. The repetitive control learning algorithm is designed in frequency domain,

by using Fourier series approximation (FSA) method, and provides the flexibility

of choosing different learning gains and phase delay compensations individually for

each harmonic component. The experimental results provided validate that FDRC

control scheme leads to the improved tracking performance for the ac line side

currents.

Chapter 7 concludes the thesis. It briefly states the focus areas and then

discusses the proposed solutions. It also lists the possible future work in this line



Chapter 1. Introduction 35

of research.

In the first year of my PhD study, my research was focused on Cylindrical

Ultrasonic Motors (CUSM) Control. This is a relatively new kind of piezoelectric

actuators, having different characteristics from that of conventional electromagnetic

motors. The aim of my research was to evaluate the dynamic and steady state

performances of the CUSM drive system for speed/position control applications by

using three different control variables, namely, the amplitude, frequency and phase

difference of the excitation signals in the single mode control. Then, the dual

mode control method was proposed to achieve fast and precise position control.

This motor was specially designed by Prof. Lee Kwok Hong and his research team.

However, because he expired, the project was not continued further and nor the

similar type of motors were available in the market so that it can be bought off the

shelf. Therefore, my research focus had been changed to high-performance control

of power electronics converters instead. The earlier part of the research work has

been reported in Appendix F as a part of my PhD Thesis work.

1.8 Summary

This chapter introduces the problem of the performance of three phase PWM AC-

DC voltage source converter under the distorted and unbalanced operating condi-

tions and explains the motivation for the thesis work. The principles of operation

and the causes of the harmonic components at the dc link voltage and ac line side

currents under the distorted and unbalanced operating conditions are described.

A literature survey on the past work in this area is provided. The main contribu-
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tion of this thesis are then listed. The structure of this thesis is provided along

with the focus area of each chapter. The experimental platform used for validating

the proposed control schemes is described. The next chapter elaborates on the

mathematical model of three phase PWM AC-DC voltage source converter.



Chapter 2

Mathematical Model of Three
Phase PWM AC-DC Voltage
Source Converter

For designing a suitable controller for any plant, it is essential to have a good

understanding of the detailed plant knowledge. Representation of the plant in

a mathematical form leads to the convenience of analysis and controller design.

In this chapter, the mathematical model for a three-phase PWM AC-DC voltage

source converter is presented for the unbalanced and distorted operating conditions.

In order to accurately describe the behavior of PWM rectifier under the unbalanced

and distorted supply voltages, it is essential to deal with positive sequence input

voltages as well as negative sequence input voltages, separately. Comparing with

the conventional approaches to model PWM rectifier in [71], this chapter proposes a

new mathematical model in the positive and negative rotating synchronous frames

to illustrate the even-order harmonics at the DC link voltage and the odd-order

harmonics in the line side currents under the unbalanced and distorted operating

conditions from the analytical point of view. Since most of control schemes pro-

37
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posed to eliminate the harmonics at the dc link voltage are based on the regulation

of the instantaneous power flow of three phase PWM AC-DC voltage source con-

verter, it is necessary to have a clear picture of the instantaneous power under

the unbalanced and distorted supply voltages. This chapter investigates the direct

relationship between the output instantaneous power and the ripples in the dc link

voltage. Moreover, the analytical study of the instantaneous power flow provides an

explanation of the occurrence of the odd-order harmonics in the line side currents

of three phase PWM rectifier under unbalanced operating conditions.

2.1 Mathematical Model

Fig. 2.1 shows the power circuit configuration of a three phase PWM AC-DC

voltage source converter. It is assumed that the converter is feeding a resistive

load. The differential equations for the phase voltages in the AC line side can be

expressed as,

ea = L
dia
dt

+Ria + uan

eb = L
dib
dt

+Rib + ubn (2.1)

ec = L
dic
dt

+Ric + ucn

Considering that the sum of the phase currents is equal to zero in the three

phase system, ia + ib + ic = 0, the group of equations (2.1) can be simplified into
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two line voltage equations,

eab = ea − eb = L
dia
dt

− L
dib
dt

+Ria −Rib + uan − ubn

ebc = eb − ec = L
dib
dt
− L

dic
dt

+Rib −Ric + ubn − ucn (2.2)

= L
dia
dt

+ 2L
dib
dt

+Ria + 2Rib + uan + 2ubn

According to the voltage source converter principles, the relationship between the

Figure 2.1: The three-phase PWM AC-DC voltage source converter circuit.

terminal voltages and the average switching signals can be expressed as,

uan = Savdc

ubn = Sbvdc (2.3)

ucn = Scvdc

Therefore, the equations in (2.2) can be summarized in matrix format as shown in

(2.4),

ẋ =

 −R
L

0

0 −R
L

x +

 2
3L

1
3L

− 1
3L

1
3L

 e +

 −vdc

L
0

0 −vdc

L

u (2.4)

where x =
[
ia ib

]T

, e =
[
eab ebc

]T

and u =
[
Sa Sb

]T

.
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The line voltages eab, ebc, the input currents ia, ib and the average switching

functions Sa, Sb can be replaced by eα, eβ, iα, iβ and Sα, Sβ respectively using the

relevant forms of Park Transformation as given by (C.1) and (C.3) in Appendix C.

Consequently, the model can be represented in the stationary reference α-β frame

as,

ẋ =

 −R
L

0

0 −R
L

x +

 1
L

0

0 1
L

 e +

 −vdc

L
0

0 −vdc

L

u (2.5)

where x =
[
iα iβ

]T

, e =
[
eα eβ

]T

and u =
[
Sα Sβ

]T

.

Figure 2.2: Phasor diagram of the unbalanced three-phase variables.

An unbalanced variable of a three-phase system can be resolved into the

three variables in the three phase balanced systems [72], namely, positive-sequence

component, negative-sequence component and zero-sequence components. Since

the neutral point in Fig. 2.1 is not connected to the negative side of the dc bus
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(point o), there is no zero-sequence component existing. Thus, the space vector of

the unbalanced three-phase variables in the stationary α-β frame can be represented

as the sum of the space vectors of the positive sequence component xp
αβ and negative

sequence component xn
αβ as shown in Fig. 2.2. Therefore, the model of three phase

PWM rectifier can be composed of one part in the positive stationary α-β frame

and the other in the negative stationary α-β frame, (2.5), i̇pα

i̇pβ

 =

 −R
L

0

0 −R
L

 ipα

ipβ

 +

 1
L

0

0 1
L

 ep
α

ep
β

 +

 −vdc

L
0

0 −vdc

L

 Sp
α

Sp
β

(2.6)

 i̇nα

i̇nβ

 =

 −R
L

0

0 −R
L

 inα

inβ

 +

 1
L

0

0 1
L

 en
α

en
β

 +

 −vdc

L
0

0 −vdc

L

 Sn
α

Sn
β

(2.7)

Since the positive and negative sequence equations in PWM boost rectifiers

constitute an orthogonal set of equations [49], these two sets of equations can be

performed the transformation separately. As shown in Fig. 2.2, the space vectors

xp
αβ and xn

αβ can be transformed into the positive and negative synchronous rotation

d-q frame according to (C.5) and (C.7) in Appendix C, respectively. Therefore, the

state-space model of positive sequence for three phase PWM rectifier in the positive

rotating synchronous d-q frame can be obtained from (2.5), i̇pd

i̇pq

 =

 −R
L

ω

−ω −R
L

 ipd

ipq

 +

 1
L

0

0 1
L

 ep
d

ep
q

 +

 −vdc

L
0

0 −vdc

L

 Sp
d

Sp
q

(2.8)

Similarly, the negative sequence equations can be derived in a negative rotat-

ing synchronous d-q frame, i̇nd

i̇nq

 =

 −R
L

−ω

ω −R
L

 ind

inq

 +

 1
L

0

0 1
L

 en
d

en
q

 +

 −vdc

L
0

0 −vdc

L

 Sn
d

Sn
q

(2.9)

From Fig. 2.1, the state equation at the DC link side can be obtained and
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written as follows,

C
dvdc

dt
= idc − iload = idc −

vdc

Rdc

(2.10)

The dc link current idc can be expressed in terms of input phase currents ia,

ib, ic and average switching functions Sa, Sb, Sc as [71],

idc = Saia + Sbib + Scic (2.11)

After applying Clark Transformation as described in (C.3), the dc link current

in (2.11) can be expressed in the stationary α-β frame as,

idc = Sαiα + Sβiβ (2.12)

Based on the phasor diagram in Fig. 2.2, we can express the current
−→
is in the

space vector format, then transform to the rotating synchronous d-q frame, and

define θ as ωt:

−→
is = iα + jiβ = (ipα + jipβ) + (inα + jinβ)

= ejθ(ipd + jipq) + e−jθ(ind + jinq )

= (cos θipd − sin θipq + cos θind + sin θinq )

+j(sin θipd + cos θipq − sin θind + cos θinq ) (2.13)

In the same way, the average switching functions Sα, Sβ can be transformed

into Sp
d , S

p
q , S

n
d and Sn

q as given by (2.14),

Sα + jSβ = ejθ(Sp
d + jSp

q ) + e−jθ(Sn
d + jSn

q )

= (cos θSp
d − sin θSp

q + cos θSn
d + sin θSn

q )

+j(sin θSp
d + cos θSp

q − sin θSn
d + cos θSn

q ) (2.14)

The expressions of iα, iβ, Sα and Sβ can be derived from the real parts and
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the imaginary parts of (2.13) and (2.14).

iα = cos θipd − sin θipq + cos θind + sin θinq (2.15)

iβ = sin θipd + cos θipq − sin θind + cos θinq (2.16)

Sα = cos θSp
d − sin θSp

q + cos θSn
d + sin θSn

q (2.17)

Sβ = sin θSp
d + cos θSp

q − sin θSn
d + cos θSn

q (2.18)

Substituting (2.15)-(2.18) into (2.12), the dc side current idc can be expressed

as:

idc = iαSα + iβSβ

= (ind cos 2θ + inq sin 2θ + ipd)S
p
d + (inq cos 2θ − ind sin 2θ + ipq)S

p
q

+(ipd cos 2θ − ipq sin 2θ + ind)Sn
d + (ipd sin 2θ + ipq cos 2θ + inq )Sn

q (2.19)

Finally, the dc link voltage can be presented as:

Cv̇dc = − vdc

Rdc

+


ind cos 2θ + inq sin 2θ + ipd

inq cos 2θ − ind sin 2θ + ipq

ipd cos 2θ − ipq sin 2θ + ind

ipd sin 2θ + ipq cos 2θ + inq



′ 
Sp

d

Sp
q

Sn
d

Sn
q

 (2.20)

When the PWM rectifier works under the balanced condition, that is, all the

variables in the negative sequence are equal to zero, (2.20) can be written as,

v̇dc = − 1

CRdc

vdc +
1

C
(ipdS

p
d + ipqS

p
q ) (2.21)

In the balanced condition, ipd and ipq only include the constant values in the

steady state. Therefore, (2.21) indicates that vdc only contains the dc quantity

and this equation matches the conventional equation under the balanced operating



Chapter 2. Mathematical Model 44

condition as shown in [73], which is rewritten as the equation (2.22) by using the

definition in this thesis,

C
dvdc

dt
= (ipdS

p
d + ipqS

p
q )− idc (2.22)

Moreover, the equation (2.20) gives more details and clearer picture about

the PWM rectifier model under the unbalanced operating condition as compared

to the model derived in [71] and reproduced as follows,

C
dvdc

dt
= (ipdS

p
d + ipqS

p
q + indS

n
d + inqS

n
q )− vdc

Rdc

(2.23)

The equation (2.20) shows the presence of the second-order harmonic com-

ponent at the output of the rectifier due to the presence of the negative sequence

components both in current as well as average switching function ind , inq , Sn
d and Sn

q

such as the second term in (2.20).

2.2 Influence of Unbalanced Supply Voltages

In practice, the unbalanced supply conditions occur frequently in the grid, particu-

larly in a weak ac system. It can be caused by single phase loads in the system which

are not uniformly distributed among the three phases or a nonsymmetrical trans-

former winding or transmission impedances, open wye, open delta, etc. Regardless

of the reasons, the performance of the three phase PWM rectifier is deteriorated

by the appearance of the negative sequence voltage under the unbalanced input

voltage conditions. In order to maintain all the advantages of the PWM rectifier

under the unbalanced operating conditions, it is necessary to understand the way

that the negative sequence components of the supply voltage generate the second

order harmonics at the dc link voltage.
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Generally, the supply voltages ea, eb and ec from the grid can be separated as

the positive-sequence components ep
a, e

p
b and ep

c , and negative-sequence components

en
a , en

b and en
c . Correspondingly, the negative sequence components both in current

as well as average switching function ind , inq , Sn
d and Sn

q would appear in the system.

Considering that the average switching function Sp
d , S

p
q , S

n
d , and Sn

q are constant,

the negative sequence currents and average switching function would cause the

second-order harmonic component at the DC link voltage in (2.20). Correspond-

ingly, the second order harmonic components in the DC link voltage would cause

the second order harmonic in the ac line side currents ipd, i
p
q , i

n
d , and inq in (2.8) and

(2.9), which leads to higher even-order harmonics at the dc voltage. Consequently,

the ac line side currents ipd, i
p
q , i

n
d and inq in the positive and negative synchronous

rotating frames will involve all the even-order harmonics, which can be written as,

ipd(t) = Ip
d0 +

∑
h=2k,k=1

Ip
dh sin(hωt+ φp

dh)

ipq(t) = Ip
q0 +

∑
h=2k,k=1

Ip
qh sin(hωt+ φp

qh)

ind(t) = In
d0 +

∑
h=2k,k=1

In
dh sin(hωt+ φn

dh)

inq (t) = In
q0 +

∑
h=2k,k=1

In
qh sin(hωt+ φn

qh)

(2.24)

where the variables Ip
d0, I

p
q0, I

n
d0 and In

q0 represent the DC quantity of the AC side

line side current. Ip
dh, I

p
qh, I

n
dh and In

qh are the amplitudes and φp
dh, φ

p
qh, φ

n
dh and

φn
qh are the phase angles of the hth-order harmonic components of the positive and

negative sequence line side currents in the rotating d-q frame, respectively.

Therefore, the dc side current idc can be predicted to have the even-order

harmonics from (2.19), which can be expressed as,

idc(t) = I0 +
∑

h=2k,k=1

Irh sin(hωt+ φih) (2.25)
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where the variable I0 represent the DC quantity, Irh and φih are the amplitudes

and the phase angles of the hth-order harmonic components in the DC link current.

In reality, the amplitude of the high order harmonic components of the ac

line side current will be reduced with the increase of the harmonics order. Hence,

to simplify the process of the derivation, only the second order harmonics are

considered in the ac line side currents ipd, i
p
q , i

n
d , and inq in (2.24). Accordingly, the

DC side current idc in (2.19) will include the fourth order harmonic as written,

idc(t) = I0 +Ir2sin sin(2ωt)+Ir2cos cos(2ωt)+Ir4sin sin(4ωt)+Ir4cos sin(4ωt) (2.26)

where
Ir2 sin = Ir2 cosφi2; Ir2 cos = Ir2 sinφi2;

Ir4 sin = Ir4 cosφi4; Ir4 cos = Ir4 sinφi4.

The dc quantity of the dc current I0 can be written as,

I0 = Sp
dI

p
d0 + Sp

q I
p
q0 + Sn

d I
n
d0 + Sn

q I
n
q0

+
1

2
Sp

d(I
n
d2 sinφn

d2 + In
q2 cosφn

q2) +
1

2
Sp

q (I
n
q2 sinφn

q2 − In
d2 cosφn

d2) (2.27)

+
1

2
Sn

d (Ip
d2 sinφp

d2 − Ip
q2 cosφp

q2) +
1

2
Sp

q (I
p
q2 sinφp

q2 + Ip
d2 cosφp

d2)

The amplitudes of the second and fourth order harmonic components for the

sin and cos terms, Ir2sin, Ir2cos, Ir4sin and Ir4cos can be represented, respectively,

as,

Ir2 sin = Sp
dI

n
q0 − Sp

q I
n
d0 − Sn

d I
p
q0 + Sn

q I
p
d0 (2.28)

+Sp
dI

p
d2 cosφp

d2 + Sp
q I

p
q2 cosφp

q2 + Sn
d I

n
d2 cosφn

d2 + Sn
q I

n
q2 cosφn

q2

Ir2 cos = Sp
dI

n
d0 + Sp

q I
n
q0 + Sn

d I
p
d0 + Sn

q I
p
q0 (2.29)

+Sp
dI

p
d2 sinφp

d2 + Sp
q I

p
q2 sinφp

q2 + Sn
d I

n
d2 sinφn

d2 + Sn
q I

n
q2 sinφn

q2
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Ir4 sin =
1

2
Sp

d(I
n
d2 cosφn

d2 + In
q2 sinφn

q2) +
1

2
Sp

q (I
n
q2 cosφn

q2 − In
d2 sinφn

d2) (2.30)

+
1

2
Sn

d (Ip
d2 cosφp

d2 − Ip
q2 sinφp

q2) +
1

2
Sn

q (Ip
q2 cosφp

q2 + Ip
d2 sinφp

d2)

Ir4 cos =
1

2
Sp

d(I
n
d2 sinφn

d2 − In
q2 cosφn

q2) +
1

2
Sp

q (I
n
q2 sinφn

q2 + In
d2 cosφn

d2) (2.31)

+
1

2
Sn

d (Ip
d2 sinφp

d2 + Ip
q2 cosφp

q2) +
1

2
Sn

q (Ip
q2 sinφp

q2 − Ip
d2 cosφp

d2)

In this case, the fourth order harmonic is coupled into the dc link voltage

according to (2.20). Our ultimate control objective is to cancel the even-order

harmonics voltage to generate a constant DC output voltage. In the steady state

condition, the variables at the DC side can be replaced by the sum of the constant

dc signal and the ripple component AC signal as,

vdc = vdc + ∆vdc (2.32)

idc = idc + ∆idc (2.33)

Since the dc side current appears as periodic signal, the dc component idc

can be obtained from the integral of idc over one cycle, which is the same as the

equation (2.27),

idc =
ω

2π

∫ 2π
ω

0

idc dt = I0 (2.34)

and ∆idc can be derived by subtracting I0 from the equation (2.26),

∆idc = Ir2sin sin(2ωt) + Ir2cos cos(2ωt) + Ir4sin sin(4ωt) + Ir4cos sin(4ωt) (2.35)

Since the load is resistive, vdc can be written as,

vdc = Rdcidc = RdcI0 (2.36)

Substituting (2.34) and (2.36) into (2.10) and cancelling the dc components

in the equation, (2.10) can be written as,

∆v̇dc = − 1

CRdc

∆vdc +
1

C
∆idc (2.37)
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Based on (2.35), the differential equation (2.37) can be solved,

∆vdc = Ke
− t

CRdc +
Rdc

√
I2
r2sin + I2

r2cos√
1 + 4ω2C2R2

dc

sin(2ωt+ φv2)

+
Rdc

√
I2
r4sin + I2

r4cos√
1 + 16ω2C2R2

dc

sin(4ωt+ φv4) (2.38)

where

K is a constant value,

cosφv2 = 2ωCRdcIr2cos+Ir2sin√
(I2

r2sin+I2
r2cos)(1+4ω2C2R2

dc)
,

cosφv4 = 4ωCRdcIr4cos+Ir4sin√
(I2

r4sin+I2
r4cos)(1+16ω2C2R2

dc)

The equation (2.38) can be expressed as two parts: the first part of (2.38) is

a decaying term. It will decay exponentially to zero in the steady state condition.

When the values of the capacitor C is small, which means the system with a small

capacitor, the response of the dc link voltage will be fast. And only the second part

of (2.38) exists in the steady state condition. This term appears as a second order

and a fourth order ripple components in the dc link voltage under the unbalanced

supply conditions.

With the condition 4ω2C2R2
dc � 1 satisfied, (2.38) can be further simplified

as during the steady state,

∆vdc =

√
I2
r2sin + I2

r2cos

2ωC
sin(2ωt+ φv2) +

√
I2
r4sin + I2

r4cos

4ωC
sin(4ωt+ φv4) (2.39)

For the specified values of Ir2sin, Ir2cos, Ir4sin and Ir4cos under the different

operating conditions, (2.39) shows that the larger the capacitor value is, the smaller

the ripple that appears in the dc link voltage, which can make the control problem

easier to handle. However, using the large capacitor will slow down the response of

the system according to the above analysis of the transient performance. Therefore,

there is a trade-off between the fast dynamic performance and the small ripple
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at the dc link voltage for the three phase PWM rectifier under the unbalanced

operating conditions.

In order to minimize the second and fourth order harmonics in the DC link

voltage with the small capacitor, to generate the proper control signals for the

reduced values of Ir2sin, Ir2cos, Ir4sin and Ir4cos has become critical. From (2.39),

we can see that only when the conditions, Ir2sin = 0, Ir2cos = 0, Ir4sin = 0 and

Ir4cos = 0, are satisfied at the same time, the ripple of the dc voltage ∆vdc can be

removed, so that a constant dc output voltage can be maintained.

From the above mentioned analysis and discussions, the physical control ob-

jective of ripple-free dc link voltage is successfully represented in terms of a mathe-

matical expression, which can be understood more directly and therefore enhances

the understanding of the appearance of harmonics in the ac line side current and

the dc link voltage for the three phase PWM AC-DC voltage source converter under

the unbalanced operating conditions.

2.3 Influence of Distorted Supply Voltages

In the power distribution networks, voltage distortions due to current harmonics

is becoming a major issue because of the large numbers of nonlinear loads being

connected to the utility grid. According to the standard [9], the maximum 5th order

harmonic voltage allowed is 6% and 7th order harmonic voltage is 5% of the fun-

damental component. Hence, the performance of three phase PWM rectifier under

distorted supply voltage conditions should be evaluated under these guidelines.
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The unbalanced and distorted three phase voltages ea, eb and ec are com-

posed of the positive sequence components ep
a, e

p
b , e

p
c and the negative sequence

components en
a , en

b , en
c . According to the traditional method in [74] to extract

the symmetrical components, the positive sequence components can be written as

the sum of kth-order harmonics with an amplitude Ep
k and angle offset θp

ek in the

equation (2.40).

ep
a =

∞∑
n=1

k=1,6n−1,6n+1

Ep
k sin(kωt+ θp

ek)

ep
b =

∞∑
n=1

k=1,6n−1,6n+1

Ep
k sin(kωt− k · 2π

3
+ θp

ek)

ep
c =

∞∑
n=1

k=1,6n−1,6n+1

Ep
k sin(kωt+ k · 2π

3
+ θp

ek)

(2.40)

In a similar way, the negative sequence components can be expressed as the

sum of kth-order harmonics with an amplitude En
k and angle offset θn

ek,

en
a =

∞∑
n=1

k=1,6n−1,6n+1

En
k sin(kωt+ θn

ek)

en
b =

∞∑
n=1

k=1,6n−1,6n+1

En
k sin(kωt+ k · 2π

3
+ θn

ek)

en
c =

∞∑
n=1

k=1,6n−1,6n+1

En
k sin(kωt− k · 2π

3
+ θn

ek)

(2.41)

By using the Clark’s transformation in (C.3), the positive sequence compo-

nents in the supply voltages ep
a, e

p
b , e

p
c can be expressed as ep

αk and ep
βk for the

different kth-order harmonics in the stationary reference α-β frame,

when k = 6n-1,

ep
αk =

√
6Ep

k

2
sin(kωt+ θp

ek) (2.42)

ep
βk =

√
6Ep

k

2
cos(kωt+ θp

ek) (2.43)
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Similarly, when k = 1 and k = 6n+1,

ep
αk =

√
6Ep

k

2
sin(kωt+ θp

ek) (2.44)

ep
βk = −

√
6Ep

k

2
cos(kωt+ θp

ek) (2.45)

It can be seen from (2.42)-(2.45) that the different voltage harmonics in the

stationary a-b-c frame will cause the corresponding harmonics in the stationary

α-β frame. Moreover, for (6n − 1)th order harmonics such as 5th and 11th order

harmonics, ep
αk is lagging with ep

βk by 90◦, while for (6n+1)th order harmonics such

as 7th and 13th, ep
αk is leading with ep

βk by 90◦.

By using Park’s Transformation in (C.5) and (C.7), the positive sequence

components in the supply voltages can be resolved as ep
dk and ep

qkin the positive

rotating d-q frame,

when k = 1,

ep
d1 =

√
6Ep

1

2
sin θp

e1 (2.46)

ep
q1 =

√
6Ep

1

2
cos θp

e1 (2.47)

k = 6n-1,

ep
dk =

√
6Ep

k

2
sin[(k + 1)ωt+ θp

ek]

=

√
6Ep

k

2
sin(6nωt+ θp

ek) (2.48)

ep
qk =

√
6Ep

k

2
cos[(k + 1)ωt+ θp

ek]

=

√
6Ep

k

2
cos(6nωt+ θp

ek) (2.49)
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k = 6n+1,

ep
dk =

√
6Ep

k

2
sin[(k − 1)ωt+ θp

ek]

=

√
6Ep

k

2
sin(6nωt+ θp

ek) (2.50)

ep
qk = −

√
6Ep

k

2
cos[(k − 1)ωt+ θp

ek]

= −
√

6Ep
k

2
cos(6nωt+ θp

ek) (2.51)

The equations (2.46)-(2.51) show that the fundamental voltage would appear

as a constant signal in the d-q frame, while the other voltage harmonics would

result in the corresponding ac signals in the positive synchronous rotating d-q

frame. For a specified n, the (6n − 1)th and (6n + 1)th order harmonics would

produce the 6nth order harmonics in the positive synchronous rotating d-q frame.

For example, 5th and 7th order voltage harmonics in a-b-c frame appear as 6th order

harmonics in the positive synchronous rotating d-q frame, and similarly the 11th

and 13th order voltage harmonics appear as 12th order harmonics in the positive

synchronous rotating d-q frame.

In the same manner, the negative sequence components in the supply voltages

en
dk and en

qk in the negative rotating d-q frame can be obtained as,

when k = 1,

en
d1 =

√
6En

1

2
sin θn

e1 (2.52)

en
q1 = −

√
6En

1

2
cos θn

e1 (2.53)



Chapter 2. Mathematical Model 53

k = 6n-1,

en
dk =

√
6En

k

2
sin[(k + 1)ωt+ θn

ek]

=

√
6En

k

2
sin(6nωt+ θn

ek) (2.54)

en
qk = −

√
6En

k

2
cos[(k + 1)ωt+ θn

ek]

= −
√

6En
k

2
cos(6nωt+ θn

ek) (2.55)

k = 6n+1,

en
dk =

√
6En

k

2
sin[(k − 1)ωt+ θn

ek]

=

√
6En

k

2
sin(6nωt+ θn

ek) (2.56)

en
qk =

√
6En

k

2
cos[(k − 1)ωt+ θn

ek]

=

√
6En

k

2
cos(6nωt+ θn

ek) (2.57)

The space vector of the positive and negative sequence supply voltages
−→
ep

k ,

−→
en

k in the positive and negative rotating synchronous frames can be defined as,

when k = 1,

−→
ep
1 = ep

q1 + jep
d1 = Ep

1e
jθp

e1 (2.58)

−→
en
1 = en

q1 + jen
d1 = En

1 e
jθn

e1

k = 6n-1,

−→
ep

k = ep
qk + jep

dk = Ep
ke

j(6nωt+θp
ek) (2.59)

−→
en

k = en
qk + jen

dk = En
k e

j(π−6nωt−θn
ek)
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k = 6n+1,

−→
ep

k = ep
qk + jep

dk = Ep
ke

j(π−6nωt−θp
ek) (2.60)

−→
en

k = en
qk + jen

dk = En
k e

j(6nωt+θn
ek)

Because of the linear characteristics of (2.8) and (2.9), the effect of each

frequency component on the system can be considered separately. The fundamental

components in the supply voltages appear as the dc quantity in the positive and

negative synchronous rotating d-q frames. For kth-order harmonics, the supply

voltages in the frequency domain can be obtained from (2.59) and (2.60),

when k = 6n-1,

−→
ep

k = Ep
ke

jθp
ek

1

s− j6nω
(2.61)

−→
en

k = En
k e

j(π−θn
ek) 1

s+ j6nω

k = 6n+1,

−→
ep

k = Ep
ke

j(π−θp
ek) 1

s+ j6nω
(2.62)

−→
en

k = En
k e

jθn
ek

1

s− j6nω

Since the currents caused by the supply voltage harmonics are small in com-

parison with the fundamental line side currents, and also the operating value of

the dc link voltage is relatively high, so the variation of the dc link voltage due to

current harmonics can be neglected according to (2.20). The equations (2.8) and

(2.9) in the positive and negative rotating synchronous d-q frame can be expressed



Chapter 2. Mathematical Model 55

in the space vector format,

−̇→
ipk = (−R

L
− jω)

−→
ipk +

1

L

−→
ep

k −
1

L

−→
up

k (2.63)

−̇→
ink = (−R

L
+ jω)

−→
ink +

1

L

−→
en

k −
1

L

−→
un

k

where
−→
i , −→e , −→u represent the space vector of the input line side current, the sup-

ply voltage and the converter voltage, respectively. Superscript p and n designate

the positive and negative sequence components in the positive and negative syn-

chronous rotating d-q frames, respectively. And subscript k represents the kth order

component in the different variables.

Correspondingly, the response of the positive and negative sequence line side

currents in the frequency domain can be derived as,

−→
ipk (s) =

1

Ls− (−R− jLω)
(
−→
ep

k (s)−
−→
up

k(s)) (2.64)

−→
ink (s) =

1

Ls− (−R + jLω)
(
−→
en

k (s)−
−→
un

k(s))

The converter voltage
−→
up

k and
−→
un

k can be adjusted by designing the control

signals Sp
d , S

p
q , S

n
d and Sn

q , so that the effect of supply voltage harmonic
−→
ep

k can be

compensated. When the system works in the open loop, there are only fundamental

frequency and switching frequency included in the terminal voltage uan, ubn and

ucn, so
−→
up

k = 0 and
−→
un

k = 0. From (2.61), (2.62) and (2.64), the corresponding

positive and negative sequence current response in the frequency domain are,

when k = 6n-1,

−→
ipk (s) =

Ep
ke

θp
eks

s(Ls+R + jLω)(s− j6nω)
(2.65)

−→
ink (s) =

En
k e

π−θn
eks

s(Ls+R− jLω)(s+ j6nω)
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k = 6n+1,

−→
ip (s) =

Ep
ke

π−θp
eks

s(Ls+R + jLω)(s+ j6nω)
(2.66)

−→
in (s) =

En
k e

θn
eks

s(Ls+R− jLω)(s− j6nω)

Consequently, the response of the positive and negative sequence line side

currents in the time domain can be obtained from (2.65) and (2.66),

when k = 6n-1,

−→
ipk (t) = A1e

j6nωt − A1e
−R

L
t−jωt (2.67)

−→
ink (t) = B1e

−j6nωt −B1e
−R

L
t+jωt

k = 6n+1,

−→
ipk (t) = A2e

−j6nωt − A2e
−R

L
t−jωt (2.68)

−→
ink (t) = B2e

j6nωt −B2e
−R

L
t+jωt

where
A1 =

Ep
ke

θ
p
ek

R+j(6n+1)ωL
; A2 =

Ep
ke

π−θ
p
ek

R+j(6n−1)ωL
;

B1 =
En

k eπ−θn
ek

R−j(6n+1)ωL
; B2 =

En
k eθn

ek

R−j(6n−1)ωL
;

From (2.67) and (2.68), we can see that the second terms of (2.67) and (2.68)

would decay exponentially to zero, and only the first terms of these two equations

would remain at the steady state. The second term of (2.67) and (2.68) would sub-

stantially generate the 6nth order harmonics in the positive and negative sequence

currents of the positive and negative rotating synchronous d-q frame. These 6nth

order harmonic components in the positive and negative sequence line side currents

will reflect as the kth order harmonics in the a-b-c frame. Also, the amplitude of

the positive and negative sequence currents are decided by the impedance of the

line side. When the frequency of the supply voltage is higher, the amplitude of the



Chapter 2. Mathematical Model 57

corresponding current is smaller. Therefore, the high frequency harmonics effect

can be neglected because of high impedance, while the low frequency harmonics

should be paid more attention, such as the 6th and 12th order harmonics in the line

side currents of the positive and negative synchronous rotating d-q frames.

2.4 Instantaneous Power Flow Calculation

Over the past few years, extensive studies have been carried out to regulate the DC

link voltage under the unbalanced operating conditions based on the instantaneous

power flow of the system [47], [49], [51] and [57]. Therefore, the power flow is an-

other concerned issue for the three phase PWM rectifier applications. The output

instantaneous power is constant when the three phase PWM rectifier works un-

der the balanced operating conditions. However, this output instantaneous power

becomes oscillating when the converter operates under the unbalanced operating

conditions. This oscillation of the instantaneous output power is the primitive

cause of the harmonic generation both at the DC link output and AC input side

currents of the three phase PWM AC-DC voltage source converter. In order to

eliminate all these harmonics, the ultimate objective of the control strategy under

the unbalanced supply voltages is to make the output instantaneous power constant

at the desired frequency. To realize this objective, it is essential to understand the

characteristics of the instantaneous power flow under unbalanced operating condi-

tions.

Fig. 2.1 shows the instantaneous power flow of three phase PWM AC-DC

voltage source converter. Let the supply voltages be ea(t), eb(t) and ec(t) and the
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three phase currents be ia(t), ib(t) and ic(t). The three terminal voltage of the

converter uan(t), ubn(t) and ucn(t) can be obtained from (2.1) according to Fig. 2.1.

Therefore, the input instantaneous power pin(t) and pout(t) can be expressed as

follows,

pin(t) = ea(t)ia(t) + eb(t)ib(t) + ec(t)ic(t) (2.69)

pout(t) = uan(t)ia(t) + ubn(t)ib(t) + ucn(t)ic(t) (2.70)

Assuming that the power transmission lines in the system is lossless, the

instantaneous power between the input side and the output side should be balanced

as,

pin(t) = pL(t) + pR(t) + pout(t) (2.71)

where pL and pR denote the instantaneous power consumed by the inductance L

and the parasitic resistance R, respectively.

The instantaneous output power can be obtained easily from the DC output

current and voltage based on the mathematical model as described by (2.19) and

(2.20). In addition, every term in the equation can be interpreted into the physical

meaning by the standard definition of the instantaneous power in [75].

According to (2.34), (2.36) and (2.38), the instantaneous DC link voltage and

current in the steady state can be simplified as,

vdc(t) = RdcI0 +

[
Rdc

√
I2
r2sin + I2

r2cos√
1 + 4ω2C2R2

dc

]
sin(2ωt+ φv2)

+

[
Rdc

√
I2
r4sin + I2

r4cos√
1 + 16ω2C2R2

dc

]
sin(4ωt+ φv4)
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= RdcI0 + Vr2 sin(2ωt+ φv2) + Vr4 sin(4ωt+ φv4) (2.72)

idc(t) = I0 +
√
I2
r2sin + I2

r2cos sin(2ωt+ φi2) +
√
I2
r4sin + I2

r4cos sin(4ωt+ φi4)

= I0 + Ir2 sin(2ωt+ φi2) + Ir4 sin(4ωt+ φi4) (2.73)

The output instantaneous power pout is obtained by multiplying the instan-

taneous DC output voltage and the instantaneous DC output current,

pout(t) = vdc(t)× idc(t)

=

[
RdcI

2
0 +

Vr2Ir2
2

cos(φv2 − φi2) +
Vr4Ir4

2
cos(φv4 − φi4)

+
Vr2Ir4

2
cos(φv2 − φi4) +

Vr4Ir2
2

cos(φv4 − φi2)

]
+

[
I0Vr2 sin(2ωt+ φv2) +RdcI0Ir2 sin(2ωt+ φi2)

]
+

[
I0Vr4 sin(4ωt+ φv4) +RdcI0Ir4 sin(4ωt+ φi4)

−Vr2Ir2
2

cos(4ωt+ φv2 + φi2)

]
−

[
Vr2Ir4

2
cos(6ωt+ φv2 + φi4)−

Vr4Ir2
2

cos(6ωt+ φv4 + φi2)

]
−Vr4Ir4

2
cos(8ωt+ φv4 + φi4) (2.74)

Based on the different components of the power flow, we can divide the

instantaneous power pout into two parts [8]. One part is produced by the active

component Ira,h of the current Irh, i.e., the component of the ripple part of the

dc link current Irh in phase with the dc voltage ripple Vrh as shown in Fig. 2.3,

and is represented as the active instantaneous power pa. The other is produced by

the reactive component Irq,h of the current Irh, i.e., the component in quadrature

with the voltage Vrh, which is represented as the reactive instantaneous power pq.
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Therefore, it can be written as:

pa(t) = vdc × idc + vr2(t)× ira,2(t) + vr4(t)× ira,4(t)

= RdcI0 × I0 +

[
Vr2 sin(2ωt+ φv2)

][
Ir2 cos(φv2 − φi2) sin(2ωt+ φv2)

]
+

[
Vr4 sin(4ωt+ φv4)

][
Ir4 cos(φv4 − φi4) sin(4ωt+ φv4)

]
=

[
RdcI

2
0 +

Vr2Ir2
2

cos(φv2 − φi2) +
Vr4Ir4

2
cos(φv4 − φi4)

]
−Vr2Ir2

2
cos(φv2 − φi2) cos(4ωt+ 2φv2)

−Vr4Ir4
2

cos(φv4 − φi4) cos(8ωt+ 2φv4) (2.75)

pq(t) = vr2(t)× irq,2(t) + vr4(t)× irq,4(t)

+vdc × ir2(t) + vdc × ir4(t) + idc × vr2(t) + idc × vr4(t)

+ir2(t)× vr4(t) + vr2(t)× ir4(t)

=

[
Vr2 sin(2ωt+ φv2)

][
Ir2 sin(φv2 − φi2) sin(2ωt+ φv2 − 90◦)

]
+

[
Vr4 sin(4ωt+ φv4)

][
Ir4 sin(φv4 − φi4) sin(4ωt+ φv4 − 90◦)

]
+RdcI0Ir2 sin(2ωt+ φi2) +RdcI0Ir4 sin(4ωt+ φi4)

+I0Vr2 sin(2ωt+ φv2) + I0Vr4 sin(4ωt+ φv4)

+

[
Vr4 sin(4ωt+ φv4)

][
Ir2 sin(2ωt+ φi2)

]
+

[
Vr2 sin(2ωt+ φv2)

][
Ir4 sin(4ωt+ φi4)

]
≈ RdcI0Ir2 sin(2ωt+ φi2) + I0Vr2 sin(2ωt+ φv2)

+RdcI0Ir4 sin(4ωt+ φi4) + I0Vr4 sin(4ωt+ φv4) (2.76)

The component pa of the instantaneous output power pout shows the rate
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(a) Equivalent circuit (b) Phasor diagram

Figure 2.3: Equivalent circuit and phasor diagram of AC component of the current
and voltage on the DC output side.

of flow of the energy from the source to the load. The mean value of pa in (2.75)

during one cycle is the average output active power Pout, which can be expressed

as,

Pout = RdcI
2
0 +

Vr2Ir2
2

cos(φv2 − φi2) +
Vr4Ir4

2
cos(φv4 − φi4)

= RdcI
2
0 +

Rdc(I
2
r2sin + I2

r2cos)

2
√

1 + 4ω2C2R2
dc

cos(φv2 − φi2)

+
Rdc(I

2
r4sin + I2

r4cos)

2
√

1 + 16ω2C2R2
dc

cos(φv4 − φi4) (2.77)

From (2.77), we can see that the average active power absorbed by the load

is also decided by the amplitude of the DC voltage ripple (i.e. Ir2sin, Ir2cos, Ir4sin

and Ir4cos). Therefore, under the unbalanced operating conditions, the source has

to provide more power if the ripples are not eliminated properly. Mostly, when vdc

is regulated, the second and fourth order harmonic components are not so obvious,

which means the magnitude of ∆vdc is much smaller than vdc, so the factors Vr2Ir2

and Vr4Ir4 can be neglected, pa will only have the first item RdcI
2
0 .

The component pq shows the rate of the energy related with the reactive

power, so the average value of this rate of energy flow is zero, and the net transfer
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of energy to the load is zero. When the voltage regulation control is implemented,

the second order and fourth order harmonic ripples on the DC link should be

reduced to a small value. In this case, pq will appear as a second order and a fourth

order harmonic components, i.e. the approximated result in (2.76) by ignoring the

factors Vr2Ir2, Vr2Ir4, Vr4Ir2 and Vr4Ir4, those are called the current distorted power

and voltage distorted power [75]. The reactive power Qout is the amplitude of the

oscillating instantaneous power pq, which can be represented as,

Qout =
√

(RdcI0Ir2 cosφi2 + I0Vr2 cosφv2)2 + (RdcI0Ir2 sinφi2 + I0Vr2 sinφv2)2

+
√

(RdcI0Ir4 cosφi4 + I0Vr4 cosφv4)2 + (RdcI0Ir4 sinφi4 + I0Vr4 sinφv4)2

=
2RdcI0√
1 + 4ρ2

√
(1 + ρ2)I2

r2 sin + 4ρIr2 sinIr2 cos + ρ2I2
r2 cos

+
4RdcI0√
1 + 16ρ2

√
(1 + ρ2)I2

r4 sin + 16ρIr4 sinIr4 cos + ρ2I2
r4 cos (2.78)

where ρ = ωCRdc.

The equation (2.78) shows that the average reactive power is affected by the

amplitude of the DC voltage ripple (i.e. Ir2sin, Ir2cos, Ir4sin and Ir4cos). Therefore,

only when the DC link voltage is made ripple-free, the output average reactive

power Qout is close to zero.

According to (2.74), pout(t) contains not only the average value, but also the

second order harmonics, the fourth order harmonics, the sixth order harmonics

and the eighth order harmonics. According to [71], when the positive and nega-

tive sequence components of the input voltages and line side currents in rotating

synchronous d-q frame are assumed to be constant, the input active instantaneous

power pin(t) can be presented as the sum of a constant term P in
o and two second

order harmonic terms P in
s2 and P in

c2 . However, there are higher even-order harmonic
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components, such as 4th, 6th and 8th order harmonics, appearing in the output in-

stantaneous power under the unbalanced operating conditions as shown in (2.74).

The higher even-order harmonic components have not been discussed in [71].

Since the power flow should be balanced, the input instantaneous power pin

will also involve the fourth, sixth and eighth order harmonic components corre-

spondingly. If the supply voltages (ep
d, e

p
q , e

n
d and en

q ) are still assumed to be

constant without considering the distorted supply conditions, the d-q components

of the ac currents (ipd, i
p
q , i

n
d and inq ) must have the second, fourth, sixth and eighth

order harmonic components to provide the corresponding harmonic components in

the input instantaneous power according to (D.4) in Appendix D. Those even-

order harmonic components appear as the corresponding odd-order harmonics in

the supply side line currents ia, ib, ic based on the three phase a-b-c frame.

Since only the line frequency components of the input voltages contribute

to supplying the system with the instantaneous power under the unbalanced and

distorted conditions, it is considered that the three phase supply voltages can be

decomposed into the fundamental positive and negative sequence components.

ea(t) = Ep
1 sin(ωt+ θp

e1) + En
1 sin(ωt+ θn

e1) (2.79)

eb(t) = Ep
1 sin(ωt− 120◦ + θp

e1) + En
1 sin(ωt+ 120◦ + θn

e1) (2.80)

ec(t) = Ep
1 sin(ωt+ 120◦ + θp

e1) + En
1 sin(ωt− 120◦ + θn

e1) (2.81)

where the variables E and θe represent the amplitude and the angle of the three

phase voltages. Superscripts p and n designate the positive and negative sequence

components, respectively, and subscript 1 represent the fundamental component.
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To simplify the problem, we consider the corresponding currents only includ-

ing the third order harmonics,

ia(t) = Ip
1 sin(ωt+ θp

i1) + In
1 sin(ωt+ θn

i1) (2.82)

+Ip
3 sin(3ωt+ θp

i3) + In
3 sin(3ωt+ θn

i3)

ib(t) = Ip
1 sin(ωt− 120◦ + θp

i1) + In
1 sin(ωt+ 120◦ + θn

i1) (2.83)

+Ip
3 sin(3ωt− 120◦ + θp

i3) + In
3 sin(3ωt+ 120◦ + θn

i3)

ic(t) = Ip
1 sin(ωt+ 120◦ + θp

i1) + In
1 sin(ωt− 120◦ + θn

i1) (2.84)

+Ip
3 sin(3ωt+ 120◦ + θp

i3) + In
3 sin(3ωt− 120◦ + θn

i3)

where the variables I and θi represent the amplitude and the angle of the three

phase currents. Subscript 3 represent the third order of the harmonics.

According to the three phase currents in (2.82)-(2.84), the voltages across the

inductance L can be determined as,

vaL(t) = L
dia
dt

= LωIp
1 cos(ωt+ θp

i1) + LωIn
1 cos(ωt+ θn

i1) (2.85)

+3LωIp
3 cos(3ωt+ θp

i3) + 3LωIn
3 cos(3ωt+ θn

i3)

vbL(t) = LωIp
1 cos(ωt− 120◦ + θp

i1) + LωIn
1 cos(ωt+ 120◦ + θn

i1) (2.86)

+3LωIp
3 cos(3ωt− 120◦ + θp

i3) + 3LωIn
3 cos(3ωt+ 120◦ + θn

i3)

vcL(t) = LωIp
1 cos(ωt+ 120◦ + θp

i1) + LωIn
1 cos(ωt− 120◦ + θn

i1) (2.87)

+3Lω(Ip
3 cos(3ωt+ 120◦ + θp

i3) + 3LωIn3 cos(3ωt− 120◦ + θn
i3)

Therefore, the instantaneous power consumed by the inductance L can be

obtained by multiplying the currents in (2.82)-(2.84) and the voltages in (2.85)-
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(2.87),

pL(t) = vaL(t)ia(t) + vbL(t)ib(t) + vcL(t)ic(t)

= 3LωIp
1I

n
1 sin(2ωt+ θp

i1 + θn
i1)− 3LωIp

1I
p
3 sin(2ωt+ θp

i1 − θp
i3)

−3LωIn
1 I

n
3 sin(2ωt− θn

i1 + θn
3 ) + 6LωIp

1I
n
3 sin(4ωt+ θp

i1 + θn
i3)

+6LωIn
1 I

p
3 sin(4ωt+ θp

i3 + θn
i1) + 9LωIp

3I
n
3 sin(6ωt+ θp

i3 + θn
i3)(2.88)

And the instantaneous power consumed by the resistance R can also be

calculated by the currents in (2.82)-(2.84),

pR(t) = Ri2a(t) +Ri2b(t) +Ric(t)
2

=
3RIp2

1

2
+

3RIn2
1

2
+

3RIp2
3

2
+

3RIn2
3

2

−3RIp
1I

n
1 cos(2ωt+ θp

i1 + θn
i1) + 3RIp

1I
p
3 cos(2ωt− θp

i1 + θp
i3)

+3RIn
1 I

n
3 cos(2ωt− θn

i1 + θn
i3)− 3RIp

1I
n
3 cos(4ωt+ θp

i1 + θn
i3)

−3RIn
1 I

p
3 cos(4ωt+ θp

i3 + θn
i1)− 3RIp

3I
n
3 cos(6ωt+ θp

i3 + θn
i3) (2.89)

The equations (2.88) and (2.89) provide a clear picture of the effect of the

unbalanced supply voltages on the instantaneous power across L and R. In the

balanced case, the negative sequence current is zero (In1 = 0, In3 = 0), and there

are no third order harmonics in the ac line side currents (Ip3 = 0), so that pL(t)

is equal to zero, and pR(t) is constant but very small comparing with the output

instantaneous power, whereas it is not so in the unbalanced case. The unbalanced

supply voltages will cause the negative sequence components and thus the odd-

order harmonics components appear in the ac line side currents. Consequently, pL

and pR both consist of the second and the fourth order harmonics in (2.88) and

(2.89).
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The input instantaneous power can be obtained from (2.79) to (2.84) based

on the expression of the input power in (2.69),

pin(t) =
3

2
Ep

1I
p
1 cos(θp

e1 − θp
i1) +

3

2
En

1 I
n
1 cos(θn

e1 − θn
i1)

−3

2
Ep

1I
n
1 cos(2ωt+ θp

e1 + θn
i1) +

3

2
Ep

1I
p
3 cos(2ωt− θp

e1 + θp
i3)

−3

2
En

1 I
p
1 cos(2ωt+ θn

e1 + θp
i1) +

3

2
En

1 I
n
3 cos(2ωt− θn

e1 + θn
i3)

−3

2
Ep

1I
n
3 cos(4ωt+ θp

e1 + θn
i3)−

3

2
En

1 I
p
3 cos(4ωt+ θn

e1 + θp
i3) (2.90)

From the equation (2.90), we can see that when only the third order current

harmonics is considered, there are the second and the fourth order harmonics ap-

pearing in the input instantaneous power. However, based on the calculation of the

output instantaneous power pout in (2.74) and the instantaneous power pL and pR

in (2.88) and (2.89), the sixth and the eighth order harmonics also would be drawn

from the input instantaneous power. Therefore, the higher order line side current

harmonics must be involved in the system to provide the high order harmonics in

the output instantaneous power. And the more the line side current harmonics

occur, the more the non-active power should be provided from the supply volt-

age to compensate the oscillated instantaneous power to the load, the converter

inductances and resistances.

2.5 Simulation Validation on Power Flow

Let us take an example to illustrate the proposed analysis of the output instan-

taneous power flow under the balanced and unbalanced supply voltage conditions.

The three phase PWM AC-DC voltage source converter is considered to be work-

ing with the three balanced voltages of 80
√

2 sin(ωt), 80
√

2 sin(ωt − 120◦) and
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80
√

2 sin(ωt+ 120◦) with open loop control. The desired dc link voltage is 400 V .

The unbalanced supply voltages, which happens at t = 0.05 sec, are assumed to

be 80
√

2 sin(ωt), 80 sin(ωt− 135◦) and 80 sin(ωt+ 135◦). Figs. 2.4-2.8 provide the

performance of the system for this example by using Simulink toolbox in MATLAB

software.

The system parameters used in the simulation studies as well as in the ex-

periment tests are provided in Table 2.1.

Table 2.1: Circuit Parameters Used In the Simulation and the Experiment

Parameters Value Parameters Value

R 2 Ω Rdc 227 Ω

L 0.0055 H C 250 µF

Fig. 2.4 shows the simulation results of the dc link voltage and the ac supply

side currents ipd, i
p
q , i

n
d and inq in the positive and negative synchronous rotating

frames with the balanced and unbalanced supply voltages. The switching signals

are kept unchanged as in the balanced case, Sp
d = −0.02225, Sp

q = −0.34255,

Sn
d = 0 and Sn

q = 0. Under the balanced operating conditions, ind and inq would

have been close to zero. Whereas under the unbalanced operating conditions, the

negative sequence components appearing in the synchronous rotating currents, ind =

−20.92A and inq = 5.0332A in the steady state. These negative sequence current

components lead to the ripples in the dc link voltage as shown in Fig. 2.4. Also, the

second order harmonics can be found in the positive sequence current components

(Ip
d and Ip

q ) as the zoomed view of Fig. 2.4. These second order harmonics provide

the fourth order harmonic component in the dc link current and voltage in the

equations (2.30), (2.31) and (2.38).
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Figure 2.4: Simulation results of DC link output voltage and current when the
rectifier starts to work under the unbalanced condition.

Fig. 2.5 shows the output dc link voltage and dc link current of the rectifier

when the supply voltages are unbalanced. According to the observations from

Fig. 2.4, the average value of ipd and ipq are 2.4287A, −4.243A, respectively. The

average dc constant idc can be calculated as 1.4A using (2.19). Similarly, Ir2sin and

Ir2cos can be obtained from (2.38), Ir2sin = 7.3 and Ir2cos = −1.3. Consequently,

the value of ∆vdc can be calculated from (2.39), 47.4V . From Fig 2.5, it can be

observed that there are the second order harmonic components in the output dc link

voltage and current. The peak amplitude of the second order harmonic component

of dc link voltage Vr2 is around 50 V using (2.72) and that in the dc side current

Ir2 is around 7.8 A by (2.73), which almost match the theoretical results predicted.

The output instantaneous power is shown in Fig. 2.6, which can be calculated
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Figure 2.5: DC link output voltage and current under unbalanced condition with
open loop control.

using (2.74). According to the different components of the power flow, the output

instantaneous power can be expressed as the sum of two parts as the active instan-

taneous power pa and the reactive instantaneous power pq as shown in Fig. 2.7.

Based on (2.75), the component pa consists of not only the average value of the

instantaneous output power, 471 W , but also the second and fourth order har-

monic components as shown in the frequency spectra of the instantaneous output

power (Fig. 2.6). The average value of pq is almost around zero as can be seen

in Fig. 2.7, but it has the ripple component which consists of the second order

harmonic component as in (2.76).

From the equation (2.74), the output instantaneous power contains the aver-

age value, the second order, the fourth order, the sixth order and the eighth order

harmonics. According to the result of the power spectra of the output instantaneous

power in Fig. 2.6, the amplitude of the second order harmonic component is around

2560 VA and the fourth order harmonic 210 VA. In turn, the even-order harmonics
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Figure 2.6: Simulation results of output instantaneous power and its frequency
spectra.

would be generated in the input instantaneous power and the d-q component of the

line side currents as discussed in Section 2.4. As a result, the odd-order harmonics

appear in the ac side currents in a-b-c frame and the even-order harmonics on the

dc link voltage. Therefore, the control objective is to cancel these even harmonic

components in the output instantaneous power.

Fig. 2.8 shows the input instantaneous power pin, the instantaneous power

consumed by the inductance and resistance, pL and pR. Since the power flow of the

whole system should be balanced as in (2.71), except to supply the instantaneous

power to the output pout, the remaining part of pin provides the the instanta-

neous power consumed by the inductance and resistance, pL and pR. By analyzing

the sequence components in the currents ia, ib and ic, the amplitude of the pos-

itive and negative components can be found as Ip1 = 3.9621A, In1 = 17.5018A,

Ip3 = 1.3669A and In3 = 0.1169A. Those negative sequence and harmonic compo-

nents in the ac line side currents will cause the second and fourth order harmonics

in the input instantaneous power pin as (2.90) and the second, fourth and sixth
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Figure 2.7: Simulation results of two components pa and pq calculated from DC
link voltage and current.

order harmonics in the instantaneous power consumed by the inductances L and

resistances R as (2.88) and (2.89). Based on (2.88) and (2.89), the average value

of this part of the instantaneous power is 137 VA, which is decided by Ip1, In1,

Ip3 and In3. Moreover, from Fig. 2.8, we can see that the instantaneous power pL

and pR also include the second order harmonic, whose peak value is 477 VA and

the fourth order harmonic, 246 VA. All the results are close to the predicted result

from (2.88) and (2.89).

From this example by using the simulation studies, it has been shown that

the instantaneous power flow analysis presented in Section 2.4 and the presence

of harmonics in the output and input side have been validated. According to the

output instantaneous power calculated from the dc side in (2.74), the fourth order

harmonic components in the dc link current and voltage can cause the even-order

harmonics in the instantaneous power, such as 2nd, 4th, 6th and 8th. Also, the

larger value of the negative sequence components and the more high frequency of

the harmonics are in the DC link current and voltage, the more harmonics appear
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Figure 2.8: Simulation results of instantaneous power pin, pL and pR and its fre-
quency spectra.

in the instantaneous power and the more loss is generated. In order to meet the

requirement of (2.71), the input current will involve a small amount of higher

order harmonics accordingly. Therefore, to maintain a ripple-free dc output and

sinusoidal input currents with the unity power factor of the three phase PWM

AC/DC converter under the unbalanced supply voltages is to make the output

instantaneous power constant at the interested frequency.

2.6 Summary

In this chapter, the model of three phase PWM AC-DC voltage source converter

in the positive and negative synchronous rotating frames has been proposed. This
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proposed model can be used to explain that the negative sequence components

lead to the even-order harmonics at the dc output voltage and the low frequency

odd-order harmonics in the input ac currents under the unbalanced supply voltage

conditions. Also, this model gives the analytical explanation on the cause of the

harmonic component of the supply voltage harmonics frequency in the ac line

side currents under the distorted supply voltages. In order to give an insight of

the power flow of the whole system, the instantaneous power flow based on the

mathematical model in the positive and negative synchronous rotating frames is

analyzed. This power flow analysis demonstrates the direct relationship between

the dc link voltage ripple and the second harmonic terms in the instantaneous

power and shows the inner link between the odd-order harmonics in the ac line

side currents and the even-order harmonics at the dc output voltage. Finally, the

simulation results are provided to validate the proposed model and analysis.



Chapter 3

Implementation of Control
Strategy for Three Phase AC-DC
PWM Voltage Source Converter

The PWM AC/DC boost converter system has some advanced features including

providing loads with a suitable amount of average power at a specified level of

output voltage and maintaining close to unity power factor for the utility interface

perspective. However, all the advantages are valid only with the assumption of the

balanced supply voltages. Under the distorted and unbalanced supply voltages,

there would be the even-order harmonics at the dc link voltage and the odd-order

harmonics in the ac line side currents. In order to eliminate all these harmon-

ics, a proper control strategy should be implemented in the positive and negative

sequence rotating synchronous frames as discussed in Chapter 2.

Based on the control objectives, the control signals are divided into two parts:

voltage harmonics control and current harmonics control will be discussed in Sec-

tion 3.1. Also, the control block diagram of the cascaded dual frame current regu-

lator with a voltage regulator has been described.

74
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Section 3.2 introduces the four control laws from which the references of the

positive and negative sequence input currents are calculated.

Section 3.3 aims to investigate the direct effect of the different modulation

schemes on the performance of voltage source converter based on the comparison of

the two most popular PWM schemes (SPWM and SVPWM modulation schemes).

The limitations on the steady state and dynamic performances with the SPWM

scheme have been analyzed and compared with the SVPWM scheme.

In Section 3.4, the software phase locked loop (SPLL) has been introduced

to provide a reference phase signal synchronized with the grid. To guarantee the

stability and the performance of the SPLL system, the design procedures of SPLL

have been provided.

Section 3.5 mainly focuses on the influence of the symmetrical components

calculator on the performance of the three phase PWM AC-DC voltage source

converter. First, the phase shifting method used to estimate the instantaneous

symmetrical components online in our work has been introduced. Based on the

dynamic analysis of the symmetrical components calculator, the difference of the

three phase PWM AC-DC voltage source converter between the single frame con-

troller and the dual frame controller has been elaborated.

3.1 Control Strategy

The control objective to operate the three phase PWM AC-DC voltage source

converters under the distorted and unbalanced supply voltage conditions can be
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highlighted as,

• to eliminate the even-order harmonics at the dc link voltage caused by neg-

ative sequence supply voltages; and

• to eliminate the odd-order harmonics in the supply side line currents because

of the unbalanced and distorted supply voltages.

Accordingly, the control signals, Sp
d , S

p
q , S

n
d and Sn

q can be divided into two

parts, 1) voltage harmonics control signals, Sp
dv, S

p
qv, S

n
dv and Sn

qv, those are used

to take care of the even-order harmonics at the dc link voltage, and 2) current

harmonics control signals, Sp
di, S

p
qi, S

n
di and Sn

qi, those are supposed to eliminate the

odd-order harmonics in the line side currents.

Substituting the control signals in the PWM rectifier model as shown in the

line side current equations (2.8), (2.9), under the distorted and unbalanced supply

voltage conditions (2.40) and (2.41), the PWM rectifier model can be rewritten as, i̇pd

i̇pq

 =

 −R
L

ω

−ω −R
L

 ipd

ipq

 +

 1
L

0

0 1
L

 ep
d1

ep
q1

 +

 −vdc

L
0

0 −vdc

L

 Sp
dv

Sp
qv



+

 1
L

0

0 1
L




∑
k 6=1

ep
dk∑

k 6=1

ep
qk

 +

 −vdc

L
0

0 −vdc

L

 Sp
di

Sp
qi

 (3.1)

 i̇nd

i̇nq

 =

 −R
L

−ω

ω −R
L

 ind

inq

 +

 1
L

0

0 1
L

 en
d1

en
q1

 +

 −vdc

L
0

0 −vdc

L

 Sn
dv

Sn
qv



+

 1
L

0

0 1
L




∑
k 6=1

en
dk∑

k 6=1

en
qk

 +

 −vdc

L
0

0 −vdc

L

 Sn
di

Sn
qi

 (3.2)
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In order to get rid of the odd-order harmonics and only keep the fundamental

frequency component in the ac line side currents, the currents in the rotating

synchronous frame, ipd, i
p
q , i

n
d , inq should be regulated to a fixed and constant value

depending on the load condition. Therefore, the effect from the supply voltage

harmonics must be compensated by current harmonics control signals, Sp
di, S

p
qi, S

n
di

and Sn
qi, as shown in the equations (3.1) and (3.2). The other parts of the control

signals, Sp
dv, S

p
qv, S

n
dv and Sn

qv, are considered constant to ensure the required line

side currents in this current model.

Similarly, the DC side model of the PWM rectifier can be obtained from the

equation (2.20),

Cv̇dc = − vdc

Rdc

+


ind cos 2θ + inq sin 2θ + ipd

inq cos 2θ − ind sin 2θ + ipq

ipd cos 2θ − ipq sin 2θ + ind

ipd sin 2θ + ipq cos 2θ + inq



′ 
Sp

dv + Sp
di

Sp
qv + Sp

qi

Sn
dv + Sn

di

Sn
qv + Sn

qi

 (3.3)

The voltage harmonic control signals are mainly to overcome the effects of

unbalance in the supply voltages which deal with the fundamental voltage, while the

current harmonic control signals are designed to take care of odd-order harmonics

in supply side line currents due to the unbalanced and distorted supply voltages.

However, the distortions in the supply voltage is the dominant contributor for the

odd-order current harmonics. Since EN50160 standard [9] allows 6% low order

supply voltage harmonics, the amplitude of current harmonics control signals are

much smaller as compared to voltage harmonics control signals. Thus, in (3.3), the

control signals Sp
di, S

p
qi, S

n
di and Sn

qi can be neglected and voltage harmonics control

signals, Sp
dv, S

p
qv, S

n
dv and Sn

qv, are mainly responsible to eliminate the even-order

harmonics at the dc link voltage. Therefore, these control signals are designed to
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regulate the instantaneous output power and provide the required average output

power demanded by the load.

Figure 3.1: Cascaded control block diagram of three phase PWM AC-DC boost
rectifier.

The complete control block diagram of the cascaded dual frame current regu-

lator with a voltage regulator is shown in Fig. 3.1. Since the output average active

power Pout is delivered from ac supply side and is decided by the dc link voltage

level vdc, the reference input average active power, P in
o can be obtained from the

error between the dc link reference voltage and the measured value. Then the esti-

mated input average active power can be used in the reference current calculation

block based on the DC link voltage harmonics control scheme. The current control

calculation algorithm is implemented in the current reference calculating block of

the control scheme to provide the four reference commands (ip∗d , ip∗q , ip∗n , ip∗n ) for the

inner current control loops. The inner loops are made up of two parallel positive

and negative sequence d-q synchronous frame current regulators. The AC line side

current harmonics control scheme can be implemented in this inner current con-
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trollers to improve the performance of the ac line side current. The details about

AC line side current harmonics control scheme would be discussed in Chapters 6

and 7.

3.2 Current Reference Calculation

Based on the analysis of the mathematical model in Chapter 2, the expression for

the ripples on the dc link voltage under the unbalanced supply voltage conditions

has been derived in (2.39), and is reproduced here for convenience.

∆vdc =

√
I2
r2sin + I2

r2cos

2ωC
sin(2ωt+ φv2) +

√
I2
r4sin + I2

r4cos

4ωC
sin(4ωt+ φv4) (3.4)

In order to improve the performance of the three phase PWM AC-DC voltage

source converter under unbalanced supply voltage conditions, the ultimate goal of

the control strategy is to cancel the second and fourth order harmonic components

in ∆vdc to generate the required constant dc output voltage. The equation (3.4)

shows that only when the conditions, Ir2sin = 0, Ir2cos = 0, Ir4sin = 0 and Ir4cos = 0,

are satisfied at the same time, the ripples of the dc output voltage can be removed.

Since in reality, the second order harmonics in the ac line side currents based on

the d-q frame, Ip
d2, I

p
q2, I

n
d2 and In

q2 are relatively small as compared to the average

value Ip
d0, I

p
q0, I

n
d0 and In

q0, the equations (2.28)-(2.31) can be simplified as,

Ir2 sin ≈ Mr = Sp
dI

n
q0 − Sp

q I
n
d0 − Sn

d I
p
q0 + Sn

q I
p
d0 (3.5)

Ir2 cos ≈ Nr = Sp
dI

n
d0 + Sp

q I
n
q0 + Sn

d I
p
d0 + Sn

q I
p
q0 (3.6)

Ir4 sin ≈ 0 (3.7)

Ir4 cos ≈ 0 (3.8)
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Since these equations are derived from the dc link voltage (2.20), the voltage

harmonics control signals, Sp
dv, S

p
qv, S

n
dv and Sn

qv are dominant when compared with

the current harmonics control signals as discussed in the preceding paragraph. The

expressions of Mr and Nr can be further simplified as,

Mr = Sp
dvI

n
q0 − Sp

qvI
n
d0 − Sn

dvI
p
q0 + Sn

qvI
p
d0 (3.9)

Nr = Sp
dvI

n
d0 + Sp

qvI
n
q0 + Sn

dvI
p
d0 + Sn

qvI
p
q0 (3.10)

Therefore, only when the two conditions, Mr = 0 and Nr = 0 in (3.5) and

(3.6), both are satisfied, a constant dc output voltage can be generated.

In the mean time, the output power should meet the load requirements and

the power factor on the line side should be close to unity. The expression of

the average input active power, P in
o and the average input instantaneous reactive

power, Qin
o in terms of the d-q components of the positive and negative synchronous

rotating frames have been given in Appendix D as,

P in
o = ep

di
p
d + ep

qi
p
q + en

d i
n
d + en

q i
n
q (3.11)

Qin
o = ep

qi
p
d − ep

di
p
q − en

q i
n
d + en

d i
n
q (3.12)

Since the useful input active and reactive power are only provided by the

fundamental supply voltage ep
d1, e

p
q1, e

p
d1 and ep

q1, and the second order harmonics

in the ac line side currents based on the d-q frame can be ignored because of the

small magnitude as compared to the average value Ip
d0, I

p
q0, I

n
d0 and In

q0, so the

equations (3.11) and (3.12) can be written as,

P in
o = ep

d1I
p
d0 + ep

q1I
p
q0 + en

d1I
n
d0 + en

q1I
n
q0 (3.13)

Qin
o = ep

q1I
p
d0 − ep

d1I
p
q0 − en

q1I
n
d0 + en

d1I
n
q0 (3.14)
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This input average power, P in
o is delivered to the DC link, so it should be

matched not only to the load power P out
o through DC link voltage but also to the

power loss Ploss across AC filters and the power semiconductor devices within the

converter. The average input reactive power Qin
o exchanged between the utility

source and voltage source converter determines the input power factor. We can

define a parameter, kpf as a ratio of Qin
o to P in

o . The relation between kpf and

power factor pf is shown in the following equation,

kpf =
Qin

o

P in
o

=

√
1− pf 2

pf
(3.15)

The power factor pf is defined as the ratio of the active power P to the

apparent power S, and is a number between 0 and 1. According to the power

definition in [75], for three phase system, the active power P and apparent power

S can be defined as the sum of the active power and apparent power for each phase,

respectively, i.e., P = Pa + Pb + Pc and S = Sa + Sb + Sc. The power factor is

desired to close to unity so that the maximum energy supplied by the source could

be transferred to the load. This kpf definition shows that during the unity power

factor operation, kpf is equal to zero.

To reject the harmonics on the DC link voltage and deliver the demanded

power to the load under the unbalanced supply conditions, the control laws can be

deduced from the following three points:

• the average input active power, P in
o determines the output power to the load;

• the average input reactive power, Qin
o exchanged between the utility source

and the rectifier together with load determines the input power factor; and

• the conditions Mr = 0 and Nr = 0 decide that the output dc link voltage is
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ripple-free.

Therefore, the control laws can be expressed by a set of four linear equations

in a matrix form as the following,
P in

o

Qin
o

Mr

Nr

 =


P out

o + Ploss

kpfP
in
o

0

0

 =


ep

d1 ep
q1 en

d1 en
q1

ep
q1 −ep

d1 −en
q1 en

d1

Sn
qv −Sn

dv −Sp
qv Sp

dv

Sn
dv Sn

qv Sp
dv Sp

qv




Ip
d0

Ip
q0

In
d0

In
q0

 (3.16)

where the switching signals Sp
dv, S

p
qv,S

n
dv and Sn

qv used in this calculation are those

obtained in the previous step.

The above matrix equation is solved to generate the four current reference

values (ip∗d , ip∗q , in∗d , in∗q ) as shown below,

ip∗d = Ip
d0 = (k1P

in
o + kpfk2P

in
o )/dem

ip∗q = Ip
q0 = (k2P

in
o − kpfk1P

in
o )/dem (3.17)

in∗d = In
d0 = (k3P

in
o − kpfk4P

in
o )/dem

in∗q = In
q0 = (k4P

in
o + kpfk3P

in
o )/dem

where k1, k2, k3, k4 and dem are defined as

k1 = ep
d1(S

p2
dv + Sp2

qv ) + en
d1(S

p
qvS

n
qv − Sp

dvS
n
dv)− en

q1(S
p
dvS

n
qv + Sp

qvS
n
dv)

k2 = ep
q1(S

p2
dv + Sp2

qv )− en
q1(S

p
qvS

n
qv − Sp

dvS
n
dv)− en

d1(S
p
dvS

n
qv + Sp

qvS
n
dv)

k3 = en
d1(S

n2
dv + Sn2

qv ) + ep
d1(S

p
qvS

n
qv − Sp

dvS
n
dv)− ep

q1(S
p
dvS

n
qv + Sp

qvS
n
dv)

k4 = en
q1(S

n2
dv + Sn2

qv )− ep
q1(S

p
qvS

n
qv − Sp

dvS
n
dv)− ep

d1(S
p
dvS

n
qv + Sp

qvS
n
dv)

dem = k1e
p
d1 + k2e

p
q1 + k3e

n
d1 + k4e

n
q1
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This algorithm is applied in the current reference calculating block of the

control diagram as shown in Fig. 3.1. This current reference calculation algorithm

connects the outer voltage loop and the inner current loops. It is based on the input

active power P in
o from the output of the voltage loop and estimates the average

current reference command (ip∗d , ip∗q , ip∗n , ip∗n ) which can ensure that the ripples in

the dc link voltage are eliminated.

3.3 PWM Modulation Scheme

As shown in the control diagram in Fig. 3.1, the control outputs Sα and Sβ can

be obtained from the inner current loop controllers. To generate the gating switch

signals for the PWM converter, these control signals should be converted to the

switching signals by the Pulse-width modulation (PWM) scheme. Therefore, PWM

scheme plays an important role in the performance of the voltage source converter.

During the past decades, various types of PWM schemes have been studied ex-

tensively for inverters to achieve the following objectives: wide linear modulation

range; less switching loss; less total harmonic distortion (THD); easy implementa-

tion and less computational time requirements [76]. However, mostly the compari-

son between the different PWM schemes on the performance of the voltage source

converter in detail has been overlooked.

The power circuit of a three phase PWM AC-DC boost rectifier with a neutral

point of input supply at n and the ground point of the dc link voltage at o is shown

in Fig. 1.2. According to the operating status of each phase top switch Sap, Sbp

and Scp, the resulting terminal voltage uao, ubo and uco can be related to the dc
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link voltage vdc,

uao = davdc

ubo = dbvdc

uco = dcvdc (3.18)

And the dc current can be expressed by the ac line side currents ia, ib and ic

as,

idc = iada + ibdb + icdc (3.19)

where da, db and dc are the duty cycles for each phase a, b and c, which vary from

0 to 1.

Since the neutral point is not connected to the ground in Fig. 1.2, there is no

zero-sequence component appearing in the circuit, so we can assume,

uan + ubn + ucn = 0 (3.20)

The voltage difference between the neutral point n and the ground point o

can be expressed as,

uon = uan − uao = ubn − ubo = ucn − uco (3.21)

Adding these three equations together and applying the condition (3.20), the

voltage difference uon can be obtained as,

uon =
1

3
(uan + ubn + ucn)− 1

3
(uao + ubo + uco)

= −1

3
(uao + ubo + uco) (3.22)

Thus, by using the equations (3.18) and (3.22), each phase terminal voltage
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can be written as,

uan = uao + uon =
2

3
uao −

1

3
ubo −

1

3
uco =

2da − db − dc

3
vdc (3.23)

ubn = ubo + uon =
2

3
ubo −

1

3
uco −

1

3
uao =

2db − dc − da

3
vdc (3.24)

ucn = uco + uon =
2

3
uco −

1

3
uao −

1

3
ubo =

2dc − da − db

3
vdc (3.25)

Defining the coefficients between uan, ubn, ucn and vdc as the control signals

Sa, Sb and Sc in the equations (3.23)-(3.25), respectively, so we can get,

Sa =
2da − db − dc

3
(3.26)

Sb =
2db − dc − da

3
(3.27)

Sc =
2dc − da − db

3
(3.28)

Consequently, the basic model for the three phase PWM rectifier can be

represented as the equation (3.29), which has the same format as the conventional

definition in (2.1), (2.10) and (2.11),

ea = Ria + L
dia
dt

+ Savdc

eb = Rib + L
dib
dt

+ Sbvdc

ec = Ric + L
dic
dt

+ Scvdc (3.29)

C
dvdc

dt
=

∑
Saia + Sbib + Scic −

vdc

Rdc

The variables Sa, Sb and Sc, which express the relationship between the con-

verter terminal phase voltages and dc link voltage, can be defined by the three

phase duty cycles da, db and dc. With the same control signals for each phase, the

different PWM modulation schemes generate the different duty cycles da, db and

dc for the three phase switches, which result in the performance of the three phase

PWM voltage source converter.
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For the SPWM scheme, the control signal sine wave is compared with a

triangle carrier waveform of unity amplitude, so the relationship between the sine

modulation function km and the duty cycle function dm is given by,

dm =
km

2
+

1

2
(3.30)

where m represents the phases a, b and c.

Substituting the relationship (3.30) into the equations (3.26)-(3.28) and con-

sidering the condition ka + kb + kc = 0, the direct link between the control signals

Sm and the equivalent sine modulation functions km for the SPWM scheme can be

found as,

Sm =
km

2
(3.31)

Figure 3.2: Duty cycle for phase a, line voltage uab and terminal voltage uan by
using SPWM modulation scheme.

The modulation functions ka, kb and kc are assumed to be pure sinusoid
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waveforms,

ka = kindex sin(ωt)

kb = kindex sin(ωt− 120◦)

kc = kindex sin(ωt+ 120◦) (3.32)

where kindex is the modulation index, which varies from 0 to 1 for the linear oper-

ation region.

As an example, Fig. 3.2 shows the duty cycle and output voltage for phase a

by using SPWM modulation scheme for kindex to be 0.8. Vdc is the average value

of the DC link voltage. It can be seen from Fig. 3.2 that the peak-to-peak value of

the terminal voltage is kindexVdc (0.8Vdc).

In the SVPWM scheme, the six switches’ status are determined according to

the position and the amplitude of the space vector [39]. The different combination

of the switches will be applied based on the position of the voltage space vector in

the different sectors. The relationship between the reference voltage and the base

voltage will decide the switch on-time.

Fig. 3.3 shows the duty cycle and output voltage by using the SVPWM scheme

for the same operating condition as in Fig. 3.2.

Although the function of the duty cycle for the SVPWM scheme is not con-

tinuous, the line to line voltage and the terminal voltage are still sinusoidal. For
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Figure 3.3: Duty cycle for phase a, line voltage uab and terminal voltage uan by
using SVPWM modulation scheme.

example,

uab = uao − ubo =
2√
3
kindex sin(ωt+ 30◦)Vdc (3.33)

uan =
2

3
uao −

1

3
ubo −

1

3
uco =

2

3
uab −

1

3
ubc (3.34)

=
2

3
kindex sinωtVdc =

2ka

3
Vdc

It is noted that in order to make the space vector modulation operate in the

linear region, the modulation index kindex should be limited within the range 0 to

√
3/2 [39].

Therefore, the relationship between the control signals Sm and the equivalent

sine modulation functions km for the SVPWM scheme can be concluded as,

Sm =
2km

3
(3.35)

The peak-to-peak terminal voltage uan in Fig. 3.3 is 1.067Vdc, which matches

the expectation from the relationship in (3.35). And this peak-to-peak voltage is



Chapter 3. Control Strategy 89

33.3% higher than the one as shown and obtained using the SPWM scheme in

Fig. 3.2. Thus, from the equations (3.31) and (3.35), we can conclude that for a

specified operating condition, using the SPWM or SVPWM modulation scheme

results in the different models for the PWM rectifier, and the gain of the voltage

source converter with the SVPWM scheme is 33.3% higher than that with the

SPWM scheme.

We can combine the two equations (3.31) and (3.35)in one,

Sm = akm (3.36)

when using the SPWM scheme, a = 1/2, and when using the SVPWM scheme,

a = 2/3.

Substituting this relationship into (3.29), we can obtain the model with

SPWM or SVPWM modulation scheme as,

ea = Ria + L
dia
dt

+ akavdc

eb = Rib + L
dib
dt

+ akbvdc

ec = Ric + L
dic
dt

+ akcvdc (3.37)

C
dvdc

dt
=

∑
akaia + akbib + akcic −

vdc

Rdc

The line-to-line rms terminal voltage at the fundamental frequency, ULL1, can

be written as [1],

ULL1 =

√
3√
2
(Uan1(peak)) =

√
3√
2
akindexVdc (3.38)

Based on the equations (3.31) and (3.35), a will have different gain by us-

ing different PWM modulation schemes. In order to keep the PWM modulation
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scheme of the converters to work in the linear region, for the SPWM scheme, the

modulation ratio kindex is varied from 0 to 1, while the modulation ratio of the

SVPWM scheme is limited in the range from 0 to
√

3/2. Assuming the voltage

drop across L is small and Uan1 ≈ Ea, the relationship between the dc output

voltage Vdc and the input line voltage ULL1 has to meet the requirements as laid

out in Table 3.1.

Table 3.1: Operating Range of the Three Phase PWM Rectifier With Different
Modulation Schemes

Schemes Operating Range

SPWM Vdc > 1.634ULL1

SVPWM Vdc > 1.415ULL1

From Table 3.1, we can see that PWM rectifier can work over a wider range

with the SVPWM scheme. For example, when the phase supply voltage is 80 Vrms

value, so the dc output voltage must operate at more than 226.41 V with SPWM

modulation scheme and more than 196.07 V with the SVPWM scheme. Hence,

the PWM voltage source converter with SVPWM scheme can provide 13.4% lower

output voltage than SPWM for the same ac input voltage.

Overall, by using the SVPWM scheme, the voltage source converter can op-

erate over a wider range and the system loop gain is higher as compared to the

SPWM scheme. Therefore, the SVPWM scheme should be preferred over the

SPWM scheme.
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3.4 Software Phase Locked Loop

Since the phase angle of the utility voltage vector is a basic information for the grid-

connected power conditioning equipment such as AC-DC converters and uninter-

ruptible power system (UPS), in these applications, an accurate and fast detection

of the phase angle of the utility voltage is essential to assure the correct genera-

tion of the reference signals. Thus, the block of phase locked loop (PLL) [77],[78]

with three phase PWM AC-DC voltage source converter takes an important role

in providing a reference phase signal synchronized with the grid.

Figure 3.4: Basic topology of PLL.

Usually, three main blocks constitute the basic PLL system: phase detector,

low pass filter and voltage-controlled oscillator (VCO) as shown in Fig. 3.4. Nor-

mally, the phase detector provides the output which consists of a dc term that has

phase information of the input signal and an ac term. The ac term of the output

signal from the phase detector should be filtered by the low pass filter. After the

filter, the dc signal corresponding to the phase error between the estimated and

actual signals is considered as the input to the VCO. With the advanced technology

of microcontrollers and digital signal processors (DSPs), all of these functions of the

classical PLL have been implemented by software. Since the software PLL (SPLL)

can be tailored to perform any function, it has become a competitive alternative

to the hardware PLL.
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The SPLL technique has been adopted in the electric motor control and util-

ity interface operation of power electronic systems [77]-[85]. A simple method of

obtaining the phase information is to detect the zero crossing point of the utility

voltages [77]. However, since the zero crossing point can be detected only at every

half cycle of the utility frequency, the phase tracking action cannot handle measure-

ment noise between the detecting points so that the system can suffer from poor

performance or even instability. In order to obtain the fast dynamic performance,

the synchronization must be updated not just at zero voltage crossing points, but

continuously under the whole period. An improved method is to regulate the dc

quantity, which is phase information obtained from the input waveform and the

quadrature of the input waveform [77]. The d-q transform in the three phase sys-

tem has the same behavior with this technique, so the SPLL can be implemented

by using the d-q transform and the performance of the SPLL is controlled by a

properly designed loop filter.

In a weak AC system, the synchronization algorithm must cope with the

existing electrical environment such as harmonics, voltage sags and commutation

notches [9]. The voltage unbalance generates a negative sequence voltage, which

would induce an oscillating error in the measurement of the phase angle. If there is

an error in the phase angle estimation then it may directly affect the compensation

voltage and thus deteriorate the performance. Since the positive sequence voltage

is the dominant part in the supply voltage, mostly the system requires to extract

the positive and the negative sequence voltages instantaneously and synchronize

the phase angle with the positive sequence voltage [82].

The block diagram of the three phase PLL system used in our system can be



Chapter 3. Control Strategy 93

Figure 3.5: Block diagram of three phase phase-locked loop system.

described as shown in Fig. 3.5. It is assumed that the three phase utility voltages

have been separated into the positive and negative sequence components as (2.40)

and (2.41) in Chapter 2. The input three phase voltages ep
a, e

p
b and ep

c in Fig. 3.5

can represented as,

ep
a =

∞∑
n=1

k=1,6n−1,6n+1

Ep
k sin(kωt+ θp

ek)

ep
b =

∞∑
n=1

k=1,6n−1,6n+1

Ep
k sin(kωt− k · 2π

3
+ θp

ek)

ep
c =

∞∑
n=1

k=1,6n−1,6n+1

Ep
k sin(kωt+ k · 2π

3
+ θp

ek)

(3.39)

By using the Clark’s transformation as (C.3), the input voltages ep
a, e

p
b , e

p
c can

be converted as ep
αk and ep

βk for the different kth-order harmonics in the stationary

reference α-β frame. For the convenience of the analysis, we use the fundamental

component as an example to explain, so ep
α and ep

β can be expressed as,

ep
α =

√
6Ep

1

2
sin(ωt+ θp

e1) (3.40)

ep
β = −

√
6Ep

1

2
cos(ωt+ θp

e1) (3.41)

Ideally, the input voltage ep
α and ep

β can be transformed into the dc quantity ep
d



Chapter 3. Control Strategy 94

and ep
q in the rotating synchronous d-q frame by Park’s transformation. However,

the phase angle θ defined as ωt in the transform matrix (C.5) cannot be measured,

so the estimated angle θ̂ from the PLL output is used instead. Hence, the rotating

matrix Te(θ) can be replaced by,

Te(θ̂) =

 cos θ̂ − sin θ̂

sin θ̂ cos θ̂

 (3.42)

The voltage of interest is the d-axis component ep
d and derived as,

êp
d =

√
6Ep

1

2
(sin θ cos θ̂ − cos θ sin θ̂)

=

√
6Ep

1

2
sin(θ − θ̂)

≈
√

6Ep
1

2
(θ − θ̂)

=

√
6Ep

1

2
δ (3.43)

where δ is the error between the real angle θ and the estimated angle θ̂. If it is

assumed that the phase difference δ is very small, the relationship between d-axis

component êp
d and the phase difference δ is linear as shown in the approximation

format of the equation (3.43). Therefore, the output phase angle θ̂ of the SPLL

system can track the utility phase angle θ by regulating the voltage component êp
d

in the d axis to the reference value zero.

There are various methods in designing the loop filter. The second order

loop is commonly used as a good trade-off of the filter performance and system

stability [77]. As shown in Fig. 3.5, the proportional-integral (PI) type filter for

the second order loop is used and the change in the angular frequency of the supply

voltage ∆ω̂ can be obtained. Kpl and Kil are the proportional gain and integral

gain for the PI filter. The feedforward frequency command (ω∗) is introduced to
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improve the overall tracking performance of the SPLL. Next, the estimated phase

angle θ̂ can be derived by integrating the increment of the phase angle ∆θ̂ in one

sampling time Ts. Finally, the estimated angle θ̂ is used to obtain the voltage

component êp
d by Park Transformation.

According to Fig. 3.5 and the equation (3.43), the closed loop transfer function

can be derived as,

Hc(s) =
θ̂

ep
d

=
Kpls+Kil

s2 − lKpls− lKil

(3.44)

where l =
√

6Ep
1/2.

The closed loop transfer function Hc(s) can be rewritten in the general form

of the second order loop as,

Hc(s) =
2ζωns+ ω2

n

s2 + 2ζωns+ ω2
n

(3.45)

where ωn =
√
−lKil; ζ = − lKpl

2
√
−lKil

.

In the design of the SPLL system, it is desirable that the dynamic perfor-

mance should satisfy the fast tracking and good filtering characteristics. However,

both requirements cannot be satisfied simultaneously because the two conditions

are inconsistent. Therefore, a trade-off is required in the design. Following the

conventional method, the damping ratio can be derived as ζ = 0.707. The closed

loop bandwidth of the SPLL can be determined by the natural frequency ω [86]. In

practice, the 5th and 7th order harmonics are involved in the supply voltages, and

they appear as the sixth order harmonics (300Hz) in the rotating synchronous d-q

frame as discussed in Chapter 2. Therefore, the system bandwidth is designed at

150Hz so that the 300Hz harmonics can be filtered and the dc signal for the phase

detecting can be kept. The operating supply voltage Ep
1 in the experiment is 113V,
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so l = 138. Thus, Kpl is -9.6 and Kil is -6403.

During the operation of the three phase PWM AC-DC voltage source con-

verter, the SPLL system is not a stand-alone system. The controller of the converter

and the SPLL system will affect each other as shown in Fig. 3.6.

Figure 3.6: Block diagram of the current controller of three phase PWM AC-DC
voltage source converter with SPLL.

When there are any impedances between the voltage source and the mea-

surement point, this impedance would cause the measured voltage change because

of the ac line side currents. From the other side, the decoupling term ep
d in the

positive sequence current controller in d-axis usually comes from the output of the

SPLL system (B = 1). Therefore, the current controller and the SPLL system

interact each other and the performance can not be ensured by designing these

two loops separately. Whereas, since it is considered that the decoupling term ep
d

can be regulated at zero after properly designing the phase locked loop, the direct

feedback from SPLL to the current controller can be cut off (B = 0). In this way,

the SPLL system and the current controller can be designed independently.
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3.5 Positive and Negative Sequence Extraction

In Chapter 2, it was explained that an unbalanced input supply has a negative se-

quence voltage component as well as a positive sequence voltage component. The

negative sequence components of the control signals were introduced in order to

adequately compensate for the unbalanced operating condition so that the output

dc link voltage is kept constant without oscillating components. The symmetrical

components calculator to extract the positive and negative sequence components

from three phase instantaneous quantities such as voltages and currents is regarded

as an important functional part of the entire unbalance compensation control sys-

tem.

The symmetrical components [87],[88] have been conventionally used to ana-

lyze the unbalanced faults and systems. The traditional definition of the symmetri-

cal components based on the concept of phasors in the frequency domain is suitable

for steady state analysis, so it is called steady state symmetrical components. Var-

ious methods for the estimation of the steady state symmetrical components of

a three phase system are available in the literature [89]-[95]. In order to accom-

modate dynamic and transient conditions, the concept of symmetrical components

in the time domain which is also referred to as instantaneous symmetrical com-

ponents is proposed in [96]-[101]. The instantaneous symmetrical components are

used for the dynamic control and compensation of the unbalanced systems mostly

by forced-commutated power electronic converters [96].

Traditionally, the unbalanced three phase voltages ea, eb and ec are converted

into the positive and negative synchronous rotating frames by using Clark Transfor-
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mation and Park Transformation as highlighted in Appendix C. Since the positive

and negative sequence components appear as 100Hz ac in the opposite rotating

synchronous frame, the symmetrical components from three phase instantaneous

variables can be obtained by the low pass filter or the notch filter [57]. However,

the low pass filter and notch filter with low Q-factor lead to some measurement

delay or phase delay, which results in sluggish system response. Comparing with

the traditional method, the phase shifting method does not employ any low pass

filter nor notch filter so that it would not introduce the phase delay problem in

the system. Therefore, the phase shifting method is preferred to calculate the

symmetrical components under the unbalanced supply conditions.

The phase shifting method basically replaces the complex phasor τ with a 120◦

phase-shift operator in the time domain. The detailed derivation and definitions of

symmetrical components are discussed in Appendix B. Thus, the positive, negative

and zero sequence can be expressed as,
ep

a(t)

en
a(t)

eo
a(t)

 =
1

3


ea(t) + S120 [eb(t)] + S240 [ec(t)]

ea(t) + S240 [eb(t)] + S120 [ec(t)]

ea(t) + eb(t) + ec(t)

 (3.46)

where Sx stands for a x-degree phase-shift operator in the time domain.

If the complex phasor τ can be written as,

τ = e−j120◦ = −1

2
−
√

3

2
ej90◦ (3.47)

and

τ 2 = ej120◦ = −1

2
+

√
3

2
ej90◦ (3.48)

So the equation (3.46) can be derived based on a 90◦ phase-shift operator
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which is easier to implement, as shown in (3.49),
ep

a(t)

en
a(t)

eo
a(t)

 =
1

3


ea(t)− 1

2
(eb(t) + ec(t)) +

√
3

2
S90 [eb(t)− ec(t)]

ea(t)− 1
2
(eb(t) + ec(t))−

√
3

2
S90 [eb(t)− ec(t)]

ea(t) + eb(t) + ec(t)

 (3.49)

The equations (3.46) and (3.49) show that the phase shifting method does

not require any predetermined values of the amplitudes (Ea, Eb, Ec) and the phase

angles (θa
e , θ

b
e, θ

c
e) of each phase voltage, so this method to calculate the instanta-

neous symmetrical components are suitable to use for dynamic compensation and

control of power systems. The concepts of (3.46) and (3.49) are valid for all the

frequency signals, but it only works for a single frequency component once the

degree of the phase-shift is converted in the corresponding time scale. Hence, this

phase-shift angle is usually designed for a specific frequency component. Since the

fundamental component carries the most significant piece of information among

the constituting components of a signal, the derivations in our work are applied to

the fundamental component. It can be shown that (3.46) and (3.49) are equivalent

with respect to the fundamental component.

Since the line voltages eab and ebc measured in the circuit do not include the

zero sequence components, the positive and negative sequence components ep
ab, e

p
bc,

en
ab and en

bc can be expressed by using the equation (3.49),

ep
ab(t) =

1

3

[
eab(t)−

1

2
(ebc(t) + eca(t)) +

√
3

2
S90 [ebc(t)− eca(t)]

]
(3.50)

en
ab(t) =

1

3

[
eab(t)−

1

2
(ebc(t) + eca(t))−

√
3

2
S90 [ebc(t)− eca(t)]

]
(3.51)
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ep
bc(t) =

1

3

[
ebc(t)−

1

2
(eca(t) + eab(t)) +

√
3

2
S90 [eca(t)− eab(t)]

]
(3.52)

en
bc(t) =

1

3

[
ebc(t)−

1

2
(eca(t) + eab(t))−

√
3

2
S90 [eca(t)− eab(t)]

]
(3.53)

By utilizing the information that the sum of eab, ebc and eca is zero, eca can

be cancelled from (3.50)-(3.53) as shown in the following equations,

ep
ab(t) =

1

2
eab(t) +

√
3

6
S90 [eab(t) + 2ebc(t)] (3.54)

en
ab(t) =

1

2
eab(t)−

√
3

6
S90 [eab(t) + 2ebc(t)] (3.55)

ep
bc(t) =

1

2
ebc(t)−

√
3

6
S90 [2eab(t) + ebc(t)] (3.56)

en
bc(t) =

1

2
ebc(t) +

√
3

6
S90 [2eab(t) + ebc(t)] (3.57)

The phase shifting method explained in the expressions of (3.54)-(3.57) re-

quires delay time of one-fourth of the period which is equal to 5 ms in the case of

the input voltage being 50 Hz. According to [13], the short interruptions, such as

voltage sag and swell, happen frequently in the supply voltages, whose duration is

from 0.1 s to 3 mins. Although this 5 ms time delay in the positive and negative

sequence extraction block causes the system response lagging behind, it can still

help to improve the performance of three phase PWM voltage source converter

under this type of grid faults, let alone the other long interruptions.

The detailed implementation diagram of the phase shifting method is shown

in Fig. 3.7. The symmetrical components ep
ab, e

p
bc, e

n
ab and en

bc obtained through this

method would be used to calculate the components ep
d, e

p
p, e

n
d and en

p in the positive

and negative synchronous rotating d-q frames for the control purpose.
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Figure 3.7: Block diagram of phase shifting method to calculate symmetrical com-
ponents in the positive and negative synchronous rotating frames.

Similarly, the phase shifting method would be performed on the line side

currents ia, ib, ic to acquire the positive and negative sequence components ipa, i
n
a ,

ipb , i
n
b as shown in (3.58)-(3.61). Then, the components ipd, i

p
p, i

n
d and inp can be

derived by using Clark Transformation and Park Transformation.

ipa(t) =
1

2
ia(t) +

√
3

6
S90 [ia(t) + 2ib(t)] (3.58)

ina(t) =
1

2
ia(t)−

√
3

6
S90 [ia(t) + 2ib(t)] (3.59)

ipb(t) =
1

2
ib(t)−

√
3

6
S90 [2ia(t) + ib(t)] (3.60)

inb (t) =
1

2
ib(t) +

√
3

6
S90 [2ia(t) + ib(t)] (3.61)

Considering that the coupling terms in the current model of (2.8) and (2.9)

have been compensated completely, the block diagram of dual frame current con-

troller in the positive and negative synchronous rotating frames can be described

in Fig. 3.8.

As shown in Fig. 3.8, the terminal voltages of power converter up
d, u

p
q , u

n
d and
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Figure 3.8: Block diagram of current control loop in the positive and negative
synchronous rotating d-q frames.

un
q controlled by the current controllers, would be converted into the signals up

a,

up
b , u

p
c , u

n
a , un

b and un
c by using Inverse Clark Transformation and Inverse Park

Transformation. The symmetrical components synthesizer can yield the terminal

voltages uan, ubn, ucn in the a-b-c frame by simply adding the positive and negative

sequence components together. These terminal voltages work on the three phase

PWM AC-DC voltage source convert to provide the desired the dc link voltage and

ac line side currents ia, ib and ic. After passing the analog filter to remove the high

frequency noise, the measured currents i′a, i
′
b and i′c would go through the symmet-

rical components calculator. The symmetrical components calculator can separate

the positive sequence components ipa, i
p
b , i

p
c and the negative sequence components

ina , inb , inc from the total signals. Then the currents ipd, i
p
q , i

n
d and inq in the positive

and negative synchronous rotating frames calculated by Clark Transformation and

Park Transformation in Appendix C would be used as a feedback to the current

controllers.

Therefore, the supply side current model in the positive and negative syn-

chronous rotating d-q frames can be illustrated in Fig. 3.9. In this figure, P−1
p ,

C−1
p , Pp, Cp, C

−1
n , P−1

n , Pn, Cn are Inverse Park Transformation, Inverse Clark
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Figure 3.9: Current model in the positive and negative synchronous rotating d-q
frames.

Transformation and Park Transformation, Clark Transformation for the matrix

format of the positive and negative sequence components, respectively. ωc is the

cut-off frequency of the low pass filter. The symmetrical components calculator Cs

is the transfer function based on (3.58)-(3.61). In order to utilize the symmetrical

characteristics for the three phases to simplify the analysis, the original 120◦ de-

gree phase shifting method has been adopted here. The symmetrical components

calculator Cs is shown as,

ipa(s) =
(
i′a(s) + e−

2πs
3ω i′b(s) + e−

4πs
3ω i′c(s)

)
/3 (3.62)

ipb(s) =
(
i′b(s) + e−

2πs
3ω i′c(s) + e−

4πs
3ω i′a(s)

)
/3 (3.63)

ipc(s) =
(
i′c(s) + e−

2πs
3ω i′a(s) + e−

4πs
3ω i′b(s)

)
/3 (3.64)

ina(t) =
(
i′a(s) + e−

4πs
3ω i′b(s) + e−

2πs
3ω i′c(s)

)
/3 (3.65)

inb (s) =
(
i′b(s) + e−

4πs
3ω i′c(s) + e−

2πs
3ω i′a(s)

)
/3 (3.66)

inc (s) =
(
i′c(s) + e−

4πs
3ω i′a(s) + e−

2πs
3ω i′b(s)

)
/3 (3.67)

Since the positive and negative sequence components of the input voltages and

currents would not affect each other in three phase PWM boost rectifier according

to [49], the positive and negative sequence equations can be analyzed separately.
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The following discussions are focused on the analysis of the positive sequence of

the current and voltage signals. The same way can be applied to the explanation

of the negative sequence signals as well.

In order to simplify the derivation, ia(t), ib(t) and ic(t) are assumed to be a

three phase balanced current. Hence, ib(t) is ia(t) with 120◦ phase delay and ic(t)

is ia(t) with 120◦ phase lead. Thus, the positive sequence equations (3.62)-(3.64)

can be converted as,

ipa(s) =
1 + e−

2πs
3ω + e−

4πs
3ω

3
i′a(s) (3.68)

ipb(s) =
1 + e−

2πs
3ω + e−

4πs
3ω

3
i′b(s) (3.69)

ipc(s) =
1 + e−

2πs
3ω + e−

4πs
3ω

3
i′c(s) (3.70)

As ω = 100π, these continuous time domain based equations (3.68)-(3.70) can

be transformed into the discrete time domain by z-transform, which can be defined

as z = e−Tss. The sampling time Ts is 100 µs in the proposed control system. The

transfer function of the symmetrical components calculator for each phase can be

shown as,

ipa(z)

i′a(z)
=

1 + z−
200
3 + z−

400
3

3
(3.71)

ipb(z)

i′b(z)
=

1 + z−
200
3 + z−

400
3

3
(3.72)

ipc(z)

i′c(z)
=

1 + z−
200
3 + z−

400
3

3
(3.73)

From the equations (3.71)-(3.73), we can see that the symmetrical compo-

nents calculator Cs for each phase can be decoupled under the balance supply

conditions. The relationship between
[
up

d(z) up
q(z)

]T

and
[
ipd(z) ipq(z)

]T

can



Chapter 3. Control Strategy 105

be written in this way, up
d(z)

up
q(z)

T

= C−1
p (z)P−1

p (z)Pm(z)Fm(z)Csm(z)Pp(z)Cp(z)

 ipd(z)

ipq(z)

T

= P (z)F (z)Cs(z)C
−1
p (z)P−1

p (z)Pp(z)Cp(z)

 ipd(z)

ipq(z)

T

= P (z)F (z)Cs(z)

 ipd(z)

ipq(z)

T

(3.74)

where Pm(z), Fm(z) and Csm(z) are the matrix format of the plant, the low pass

filter and the symmetrical components calculator, respectively. And P (z), F (z) and

Cs(z) are the transfer function of the plant, the low pass filter and symmetrical

components calculator for the single phase in the discrete time domain, which can

be expressed as follows,

P (z) =
1− e−

R
L

Ts

R
(
z − e−

R
L

Ts

) (3.75)

F (z) =
1− e−ωcTs

z − e−ωcTs
(3.76)

Cs(z) =
1 + z−

200
3 + z−

400
3

3
(3.77)

The open loop transfer function Gdual in the dual rotating d-q frame can be

obtained from the equation (3.74) as,

Gdual = P (z)F (z)Cs(z) (3.78)

This transfer function shows that the transfer function of the symmetrical

components calculator is a factor in open loop transfer function of the system

designed in the dual rotating d-q frame, while this calculator is not required in

the single frame control scheme. Therefore, the symmetrical calculator makes the
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difference on the performance of the three phase PWM AC-DC voltage source

converter between the single frame controller and the dual frame controller.

Fig. 3.10 and Fig. 3.11 show the bode plot of the open loop transfer function

in the single and dual rotating d-q frame by using the system parameters as shown

in Table 2.1 of Chapter 2.

Figure 3.10: Bode plot of the open loop transfer function in the single rotating d-q
frame.

In the single frame, the model performs as a second-order pass filter as shown

in Fig. 3.10. In the high frequency region, the open loop gain would be reduced and

the phase angle would change from 0◦ to −180◦. When the system works in the

dual rotating d-q frame, the controller would deal with the positive and negative

sequence components separately. However, the symmetrical components calculator

causes the notches at the certain frequencies such as 50Hz, 100Hz, 200Hz, 250Hz,

350Hz and so on, whereas the magnitude curve of bode plot in Fig. 3.11 still keeps

the same shape approximately. Moreover, the symmetrical components calculator
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Figure 3.11: Bode plot of the open loop transfer function in the dual rotating d-q
frame.

introduces the sudden phase changing at each notch frequencies as shown in the

phase bode plot of Fig. 3.11. These phase changing is a serious drawback of the

phase shifting method to calculate the symmetrical components since the phase

changing would make the system easy to be unstable. However, the frequency of

the phase changing is the same as the notch frequency, so that the gain of the

transfer function Gdual would be very small which cannot make a big effect on the

whole system. Therefore, we still can design the current controller by ignoring the

influence from these phase changing.

3.6 Summary

In this chapter, the whole control strategy has been described in the positive and

negative sequence rotating synchronous d-q frames. In order to eliminate the even-

order harmonics at the dc link voltage and the odd-order harmonics in the ac line



Chapter 3. Control Strategy 108

side currents, the control scheme can be divided into two parts, DC link voltage

harmonics control scheme and AC line side current harmonics control scheme.

These two parts of control scheme can be implemented by the cascaded dual frame

current regulators with a voltage regulator to ensure the performance of the three

phase PWM AC-DC voltage source converter. Based on the control objectives in

DC link voltage harmonics control scheme, the four control laws can be summa-

rized to provide loads with a suitable amount of average power, maintain unity

power factor for the utility interface and keep the dc link voltage ripple-free. The

algorithm in the current reference calculating block is generated by solving the set

of equations from these four control laws.

Moreover, the three independent blocks, PWM modulation scheme, software

phase locked loop and symmetrical components calculator, have been discussed and

this influences on the performance of the whole control scheme have been high-

lighted. It has been shown analytically that SVPWM scheme provides a 33.3%

higher gain than SPWM scheme which would lead to a better dynamic perfor-

mance. Also, by using the SVPWM scheme, the voltage source converter can

operate at 13.4% lower output voltage than SPWM scheme for the same ac input

voltage. Therefore, the SVPWM scheme is preferred over the SPWM scheme. In

order to ensure the correct generation of the reference signals, software phase locked

loop (SPLL) has been designed to synchronize the phase angle with the positive

sequence voltage fast and accurately. The modified scheme has been proposed to

decouple the SPLL system and the current controllers so that the stability and the

desired performance for the whole system can be guaranteed. As the symmetrical

components calculator, the phase shifting method is used to online estimate the

instantaneous symmetrical components. Although the symmetrical components
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calculator extracts the positive and negative sequence components effectively, it

introduces the sudden phase changing at certain frequencies such as 50Hz, 100Hz,

200Hz, 250Hz, 350Hz and so on. These phase changing would cause the instability

of the whole system easily. However, the gain at these frequencies is very small,

as a result, the current controller design can neglect the effect of the symmetrical

components calculator.

The details of the DC link voltage harmonics control scheme and AC line side

current harmonics control scheme adopted in this work will provided in the next

three chapters.



Chapter 4

Cascaded Dual Frame Controller
Design

Since the negative sequence components would cause the ripples at the dc link

voltage of the three phase PWM AC-DC voltage source converter under the un-

balanced supply voltage conditions, the cascaded dual rotating frame controller is

employed for regulating the positive sequence and negative sequence component

independently to fulfil the control task. Based on the mathematical model of the

three-phase PWM boost rectifier under the generalized supply voltage conditions,

the control task is divided into: (a) DC link voltage harmonics control and (b)

AC line side current harmonics control. For the purpose of voltage harmonics con-

trol, the basic cascaded dual rotating frame controller is regarded as an important

functional part to make sure that the dc link voltage is maintained constant and

the supply side power factor is kept close to unity. Therefor, the proper dynamic

analysis of this cascaded control scheme is essential to ensure the performance of

the PWM rectifier under the distorted and unbalanced supply voltages.

This chapter provides the detailed dynamic analysis of the cascaded dual ro-

110
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tating frame controller for the three phase PWM AC-DC voltage source converter

under the generalized supply voltage conditions. First, the analysis of the control

system is based on the conventional PI controller design as reported in [71]. How-

ever, the linear controller is designed relying on a locally linearized plant model so

that it only can guarantee the performance within the limited operating range. In

order to design the controller to operate the system with the nonlinear characteris-

tics in nature such as PWM AC-DC voltage source converter, the nonlinear control

approach is preferred to analyze the dynamic performance of the whole system. In

Section 4.2, the singular perturbation method has been applied and two-time-scale

motions are introduced to the dynamic analysis. Finally, the experimental results

provided in Section 4.3 have been compared with regards to the performance of

the dc link voltage, the ac line side currents and the output instantaneous power

between the dual frame controller and the single frame controller.

4.1 PI Controller Design Based on Traditional

Method

The inner loop is made up of two parallel positive and negative sequence d-q syn-

chronous frame current regulators. The positive sequence d-q components (ipd, i
p
q)

are controlled in the positive synchronous rotating frame as shown in Fig. 4.1, on

the other hand, the negative sequence d-q components (ind , inq ) are controlled in

the negative synchronous rotating frame. The structure of the negative sequence

current controller is similar to that of the positive sequence current controller.

The voltages ep
d, e

p
q , e

n
d , en

q obtained from the supply voltages are used as the

signals in the current decoupling terms to compensate some part of the effect from
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Figure 4.1: Block diagram of inner current loop and dq-axes decoupler for the
positive sequence.

the supply voltage harmonics. The effective gain of the PWM stage should be com-

pensated to approximately unity in the frequency range of interest for the current

regulators. Ideally, after decoupling all the nonlinear terms and the components in

the other axis, the current model can be simplified as Fig. 4.2.

Figure 4.2: Simple model of inner current loop and dq-axes decoupler for the
positive sequence.

The discretized plant transfer function P (z) is,

P (z) =
1− a

R(z − ap)
(4.1)

where ap = e−
R
L

Ts .

Therefore, if the circuit parameter L = 0.0055 H and R = 0.3 Ω, the open
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loop current loop transfer function Gcurrent(z) can be written as,

Gcurrent(z) =

[
Kpc +

TsKic

z − 1

]
P (z)

=
0.01813(Kpcz −Kpc + 0.0001Kic)

(z − 0.9946)(z − 1)
(4.2)

where Kpc, Kic are the proportional gain and the integral gain for the current loops,

respectively.

For each synchronous rotating frame, it is critical to have a high bandwidth

for the inner current regulators so that the outer voltage loop and the inner cur-

rent loops can be designed separately. However, since there is limitation on the

overall bandwidth of the control loop from the switching frequency and the block

of extracting positive and negative sequence components, it is necessary to design

the controller properly so that the system performance can be optimized.

According to the transfer function (4.2), one pole can be designed to cancel the

zero, so the relationship between Kpc and Kic can be obtained (Kpc = 0.01852Kic).

Correspondingly, the root locus of the open loop transfer function for the current

regulator are shown in Fig. 4.3. The roots of the close loop can move on the

solid line according to the different Kpc value. To comprise the fast response and

the immunity to the noise, the bandwidth of the current loop is set at around 1

kHz. This bandwidth is much smaller than the switching frequency at 20 kHz, so

that the impact from the switches can be ignored in the controller design. Since

the overshoot is not desired, the damping ratio is set to about 1. Based on the

requirement of the bandwidth and the damping ratio, the closed loop poles should

be placed on the marker near 0.8 on the real axis. (Kpc = 3.7 and Kic = 200)

In order to analyze the dynamic performance of the outer voltage loop, the
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Figure 4.3: Root locus of the open loop transfer function for current controller.

transfer function from four current variables to dc link voltage should be derived.

Since the model of the three phase PWM rectifier is highly nonlinear, the small

signal perturbation is suggested to linearize the model at the steady state operating

point. By replacing all the variables x in (2.8) and (2.9) as a small ac signal and a

dc quantity ∆x+ x and neglecting the ∆2 terms,

∆i̇pd = −R
L

∆ipd+ω∆ipq −
Sp

d

L
∆vdc −

vdc

L
∆Sp

d

∆i̇pq = −ω∆ipd −
R

L
∆ipq −

Sp
q

L
∆vdc −

vdc

L
∆Sp

q (4.3)

∆i̇nd = −R
L

∆ind − ω∆inq −
Sn

d

L
∆vdc −

vdc

L
∆Sn

d

∆i̇nq = ω∆ind −
R

L
∆inq −

Sn
q

L
∆vdc −

vdc

L
∆Sn

q

At the equilibrium point, the expression of the small signal of the control
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signals ∆Sp
d , ∆Sp

q , ∆Sn
d and ∆Sn

q can be obtained,

∆Sp
d =

1

vdc

(−R∆ipd + ωL∆ipq − Sp
d∆vdc)

∆Sp
q =

1

vdc

(−ωL∆ipd −R∆ipq − Sp
q ∆vdc) (4.4)

∆Sn
d =

1

vdc

(−R∆ind − ωL∆inq − Sn
d ∆vdc)

∆Sn
q =

1

vdc

(ωL∆ind −R∆inq − Sn
q ∆vdc)

Assuming the control objective will be achieved in the steady state, there is

no second order harmonic in the dc link voltage (2.20). The small signal equation

can be derived as,

∆v̇dc = − 1

CRdc

∆vdc +
1

C
Sp

d∆i
p
d +

1

C
Sp

q ∆i
p
q +

1

C
Sn

d ∆ind +
1

C
Sn

q ∆inq

+
1

C
∆Sp

di
p
d +

1

C
∆Sp

q i
p
q +

1

C
∆Sn

d i
n
d +

1

C
∆Sn

q i
n
q (4.5)

Substituting (4.4) into (4.5), the transfer function between ∆vdc and ∆ipd,

∆ipq , ∆ind and ∆inq can be obtained,

∆vdc(s) =
a1∆i

p
d + a2∆i

p
q + a3∆i

n
d + a4∆i

n
q

s+ a5

(4.6)

where

a1 =
Sp

d

C
− Ripd

Cvdc
− ωLipq

Cvdc

a2 =
Sp

q

C
− Ripq

Cvdc
+

ωLipd
Cvdc

a3 =
Sn

d

C
− Rind

Cvdc
+

ωLinq
Cvdc

a4 =
Sn

q

C
− Rinq

Cvdc
− ωLind

Cvdc

a5 = − 1
CRdc

− Sp
d ·i

p
d

Cvdc
− Sp

q ·ipq
Cvdc

− Sn
d ·i

n
d

Cvdc
− Sn

q ·inq
Cvdc

The equation (4.6) gives a link between four current variables in positive

and negative synchronous rotating frame (ipd, i
p
q , i

n
d , inq ) and the dc link voltage

output. The coefficients from P in
o to ipd, i

p
q , i

n
d , inq can be obtained according to the

algorithm of the current reference calculation block under the different unbalanced
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supply voltages. The bandwidth of the current controller is designed to be much

higher than that of voltage controller so that the dynamics of the current controller

can be ignored when designing the voltage loop. Hence, the total transfer function

of the current controllers in the positive and negative rotating synchronous frame

can be assumed to be unity,

∆ipd
∆ip∗d

,
∆ipq
∆ip∗q

,
∆ind
∆in∗d

,
∆inq
∆in∗q

≈ 1 (4.7)

Therefore, we can get the overall system model by putting all the blocks

together as shown in Fig. 4.4.

Figure 4.4: Voltage regulator with small signal perturbed model of voltage source
converter at dc side.

In order to choose the initial Kpv and Kiv suitable for all the different unbal-

anced operating conditions, the controller design is based on the open loop transfer

function Gopen(s) under the normal operating condition first,

Gopen(s) =
v∗dc(a1e

p
d1 + a2e

p
q1)

(ep2
d1 + ep2

q1)(s+ a5)
(Kpv +

Kiv

s
) (4.8)

where v∗dc is the reference value of the DC link voltage, and Kpc, Kic are the

proportional gain and the integral gain for the current loop, respectively.
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Figure 4.5: Bode plot of the close loop transfer function for voltage controller.

When the supply is three phase balanced voltages with the amplitude of

80Vrms, the bode plot of the close loop for the voltage controller, with the parameter

values in Table 2.1 and Kpv = 0.03, Kiv = 4.59, is shown in Fig. 4.5. It can be seen

that the bandwidth of the voltage controller is 32 rad/sec (5.93 Hz). Considering

that the bandwidth of the current regulators was obtained to be 254 Hz, and

that of the voltage regulator was obtained to be 5.93 Hz, it ensures that these

two cascaded regulating loops can be designed independently as they are in the

different frequency range. Since the command of the voltage loop is constant, the

system can work with this bandwidth of the voltage regulator.
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4.2 PI Controller Design Based on Singular Per-

turbations Method

Conventionally, PI gain selection for the cascaded control loop is based on the

linearized model at a fixed operating point as discussed in Section 4.1. However,

due to the complexity of three phase PWM AC-DC voltage source converter, it is

difficult to obtain the plant transfer function and to utilize the traditional method

to derive the gains from the analytical point of view. This section has developed

the cascaded PI control scheme by using the singular perturbation method [102],

which deliberately induces the two-time-scale motions in the closed-loop system

and ensures stability conditions for the fast-motion sub-system (FMS) and slow-

motion sub-system (SMS), respectively.

In the system, the tracking error can be defined as e = x∗ − x, where the

variable x represents the positive and negative sequence currents in the d-q rotating

frame or the output dc link voltage and x∗ is the corresponding desired reference

signal. The desired tracking error behavior is given by,

ė = −λe (4.9)

In accordance with the singular perturbation design methodology in [102], the

controller can be designed as,

µu̇ = k(λe+ ė) (4.10)

where µ is a small positive parameter, λ is the time constant of the tracking error

(λ > 0) and k is a gain selected to ensure the fast motions stability condition. This

control law (4.10) can be expressed in terms of transfer functions of a conventional
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PI controller,

u(s) =

[
kλ

µs
+
k

µ

]
e(s) (4.11)

Considering that the system can be described as,

ẋ = f(x) + b(x)u (4.12)

where f(x) and b(x) are the nonlinear functions of the states.

Substituting the equation (4.12) into (4.10), the closed-loop system can be

written as,

ė = ẋ∗ − f(x)− b(x)u (4.13)

µu̇ = k(λe+ ẋ∗ − f(x)− b(x)u) (4.14)

Since µ is the small positive parameter, the closed-loop system equations

(4.13) and (4.14) have the standard singular perturbation form. Hence the singular

perturbation method [103]-[105] may be used to analyze the closed-loop system

properties. Correspondingly, we obtain the fast-motion subsystem (FMS) from

(4.14),

µu̇ = −kb(x)u+ k[λe+ ẋ∗ − f(x)] (4.15)

where e, f(x), b(x) and x∗ are treated as the frozen variables during the transients

in (4.15). This assumption is valid when µ → 0, which leads to increase of time-

scale separation degree between fast and slow modes in the closed-loop system.

In order to make FMS stable, the gain k is selected such that kb > 0. Then,

after the rapid decay of transients in (4.15), we have the steady state (more pre-

cisely, quasi-steady state) for the FMS, where u(t) = us(t) and,

us = b−1(x)[λe+ ẋ∗ − f(x)] (4.16)
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where us is the nonlinear inverse dynamics solution. Substitution of (4.16) into

(4.13) yields the slow-motion subsystem (SMS) equation in the form of (4.9).

Hence, after the damping of the fast transients, the desired tracking error can

converge to zero despite that f(x) and b(x) are unknown.

It should be noted that the control parameters µ, λ and k should be selected

in this controller design such that the closed-loop system would provide (1) the

FMS and SMS stability; (2) the desired degree of time-scale separation between

fast and slow motions. Correspondingly, PI controller gains would be determined

by the relationship (4.11).

4.2.1 Inner Current Loop

The structure of the positive and negative sequence current controller is described

in Section 4.1, as shown in Fig. 4.1. Ideally, after decoupling all the nonlinear items

and the components in the other axis, the dynamics of the positive and negative

sequence currents ipd, i
p
q , i

n
d and inq can be simplified as (4.17),

i̇ = −R
L
i+

vdc

L
S (4.17)

where the variables i and S represent the positive and negative sequence component

of the average current and the average value of switching function in the d-q rotating

frame for each switching cycle, respectively.

Substituting the equation (4.17) into (4.13) and (4.14), the equations of the
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closed-loop system can be given by,

ėi = i̇∗ +
R

L
i− vdc

L
S (4.18)

µiṠ = ki(λiei + i̇∗ +
R

L
i− vdc

L
S) (4.19)

where the subscript i represents the variables or the parameters used in the inner

current loops.

From the standard singular perturbation form in (4.18) and (4.19), the two-

time-scale motions are induced as µi → 0. Hence, the FMS can be obtained as,

µiṠ = −kivdc

L
S + ki(λiei + i̇∗ +

R

L
i) (4.20)

Since the variables i, i∗ and vdc are used to describe the SMS in the current

loop, they can be treated as the frozen variables during the transients in (4.20)

and TFMS,i = µiL
kivdc

is the time constant of the fast motion subsystem of the inner

current loops.

Assume that the control gain ki has been selected such that the FMS (4.20) is

stable as well as time-scale decomposition is maintained in the closed-loop system.

Hence, after the rapid decay of transients in (4.20), we have the steady state (more

precisely, quasi-steady state) of the FMS (4.20), where u(t) = us(t) and

us = S =
Lλiei + Li̇∗ +Ri

vdc

(4.21)

where S is the nonlinear inverse dynamics solution for the switching function.

Substitution of (4.21) into (4.18) yields the slow-motion subsystem (SMS)

equation in the form (4.9). Hence, after the damping of fast transients, the desired

tracking error behavior is fulfilled despite of the different value of system parameters
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R and L. The time constant of the slow motion subsystem TSMS,i is 1/λi. Note

that the degree of time-scale separation ηi can be estimated by the ratio of SMS

time constant to the FMS time constant, that is ηi = kivdc

Lµiλi
.

In order to get the fast current performance in response to the switching

change, the time constant TFMS,i of the current controller should be be very small,

2.5× 10−6 s. Taking the system parameters of the circuit as R = 0.3 Ω, Rdc = 225

Ω, L = 0.005 H and C = 200 µF , and the positive parameter µi = 0.001, the

control parameter ki is Lµi

TFMS,ivdc
, that is 2

vdc
. The SMS decide the response of

the positive and negative sequence current. Because the response of the electrical

variable is around 0.01 sec, the time constant of the SMS is limited. Hence, the

desired degree of time-scale separation is designed as ηi = 500. Then, from the

above, the time constant of SMS TSMS,i is 0.01s and corresponding value of λi is

100.

4.2.2 Outer Voltage Loop

The complete control system in Fig. 3.1 can be simplified into two cascaded control

blocks, namely, the inner loop current controller and the outer loop voltage con-

troller, as shown in Fig. 4.6. The desired dc link output voltage is v∗dc. The output

of the voltage controller provides the desired current reference i∗dc, which would be

used to decide the current reference i∗ for each inner positive and negative sequence

current controller. The load change of the PWM rectifier can be represented by

varying the resistance Rdc as the external disturbance.

Assuming that the current idc = i∗dc in the average sense for the stationary
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Figure 4.6: Block diagram of the closed-loop system with the inner current loops
and outer voltage loop.

oscillations in the FMS, the behavior of vdc can be approximately described by the

simple format of the dc link voltage as (4.22), where idc is the new control variable,

vdc is the new output variable.

v̇dc = − 1

CRdc

vdc +
1

C
idc (4.22)

Therefore, the equation of the outer voltage loop can be summarized as,

ėv = v̇∗dc +
1

CRdc

vdc −
1

C
idc (4.23)

µv i̇dc = kv(λvev + v̇∗dc +
1

CRdc

vdc −
1

C
idc) (4.24)

This standard singular perturbation form in (4.23) and (4.24) would induce

the two-time-scale motions when µv → 0. Correspondingly, the equation for the

FMS can be written as,

µv i̇dc = −kv

C
idc + kv(λvev + v̇∗dc +

1

CRdc

vdc) (4.25)

where the subscript v represents the variables or the parameters for the outer

voltage loop. The variables vdc and v∗dc are treated as the frozen variables during

the transients in (4.25) and TFMS,v = µvC/kv is the time constant of the FMS of

the outer voltage loop.

By using the similar design procedures for the current controller, the corre-
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sponding SMS can be obtained as,

ėv = −λvev (4.26)

and

v̇dc = λv(v
∗
dc − vdc) (4.27)

where v∗dc = const. The time constant of the SMS TSMS,v is 1/λv. The degree of

time-scale separation ηv can be estimated as kv

Cµvλv
.

For the outer loop, the output of the controller is the reference current. It

is not desirable to have a high inrush current when the step change is required,

so the time constant of the reference current cannot be very fast. Hence, the

time constant TFMS,v of the voltage controller can be set as 5 × 10−3 s. Taking

the positive parameter as µv = 0.001, the control parameter kv is Cµv

TFMS,i
, that is

4×10−5. In the mean time, we want the voltage response as fast as possible, so the

time constant of voltage (SMS) is set around 0.02 sec. According to the desired

degree of time-scale separation ηv = 4, the time constant of SMS, TSMS,v is 0.02 s

and the control parameter λv is 50.

The singular perturbation method imposes the system into the fast-motion

subsystem and the slow-motion subsystem and link the control parameters with

the response of current and voltage waveform. Comparing with the traditional

method to obtain the PI gain, this method not only provides the direct insight into

the relationship between the PI parameters and the performance of the system,

but also designs the controller based on the global operating conditions instead of

the linearized model for a fixed operating point. The detailed performance of the

whole control scheme will be examined in Section 4.3.
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4.3 Experimental Validation of Proposed Dual

Frame Controller

To verify the feasibility of the proposed dual frame control scheme, the experiments

were conducted to compare with the conventional single frame controller, under the

unbalanced operating conditions. The system parameters and the control param-

eters in the experiment platform are using the same values as shown in Table 2.1

and Table 4.1.

Table 4.1: Controller Parameters Used In the Experiment

Parameters Value Parameters Value Parameters Value

µv 0.001 kv 4× 10−5 λv 50

µi 0.001 ki 2/vdc λi 100

Figure 4.7: Experimental result of input voltage and input current by using a single
frame controller.

Figs. 4.7-4.10 provide the performance of the single frame controller and the
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Figure 4.8: Experimental result of input voltage and input current by using a dual
rotating d-q frame controller.

Figure 4.9: Experimental result of dc link voltage, phase a input voltage and current
by using a single frame controller.
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dual rotating d-q frame controller when the supply voltages was 80 Vrms and the

amplitude of phase c drops from 113 V by 20 V .

Figure 4.10: Experimental result of dc link voltage, phase a input voltage and
current by using a dual rotating d-q frame controller.

The waveforms of experimental results for the single frame controller are

shown in Fig. 4.7 and Fig. 4.9. We can see that when the amplitude of one phase

voltage drops, the three phase input currents are not symmetrical any more. In

addition, the dc output voltage has the second harmonic component with a ripple

of 2.2% and the input current are no longer sinusoidal as shown in Fig. 4.9.

Fig. 4.8 and Fig. 4.10 show the waveforms of experimental results for the

dual rotating d-q frame controller under the same unbalanced operating condition.

It is noted that by employing the dual frame controller the three phase current

waveforms are almost symmetrical and the dc link voltage vdc is almost flat. The

ripple component in vdc has been reduced from 17% in the open-loop control to

0.78% with the proposed closed-loop control.
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Figure 4.11: FFT analysis for the dc link voltage vdc for the both single frame and
dual frame controller under unbalanced condition.

In order to get a detailed picture of the system performance, the FFT analysis

has been performed for the dc link voltages vdc in Fig. 4.9 and Fig. 4.10 and the

results are shown in Fig. 4.11. The frequency spectra of the dc link voltage clearly

indicate that the second-order harmonic component at 100 Hz is reduced by using

the dual rotating d-q frame controller is applied under the unbalanced condition.

Correspondingly, the total harmonic distortion (THD) of the dc link voltage

is shown in Table 4.2. From the table, we can see that by adopting the dual rotating

d-q frame controller, the THD of the dc link voltage Vdc is improved from 1.94% to

1.02%. In addition, the power factor is increased from 0.987 to 0.994 by employing

the dual rotating d-q frame controller.

From the above results, it can be concluded that the proposed dual rotating

d-q frame controller can minimize the second order harmonic component at the dc

link voltage and the third order harmonic in the ac input current, in the mean time
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Figure 4.12: Experiment results of output instantaneous power, average active
power and dc link voltage by using a conventional single frame controller.

Figure 4.13: Experiment results of output instantaneous power, average active
power and dc link voltage by using a dual rotating d-q frame controller.
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Table 4.2: Total Harmonic Distortion (THD) of Output DC Link Voltage vdc, Input
AC Current ia and Power Factor (PF)

Single frame

controller

Dual rotating

frame controller

THD (vdc) 1.94% 1.02%

PF 0.987 0.994

the power factor can be maintained close to unity.

According to the discussions in Section 2.4, the variation of the output instan-

taneous power should be related to the output dc link voltage. Since the proposed

control scheme tries to eliminate the dc link voltage ripple, the output average

active power should be regulated and input average reactive power should go to

zero. Fig. 4.12 and Fig. 4.13 provide the waveforms of the instantaneous power and

average active power for the experimental results by using the conventional single

frame controller and the proposed dual frame controller under the unbalanced sup-

ply voltage conditions. It can be observed from the figures that the dc voltage

ripple, as shown in Fig. 4.10 with dual frame control, is quite small, 0.78%, in com-

parison with the dc link voltage ripple obtained with the single frame control, 2.2%.

The average active power Pout in (2.77) is only decided by the load, which can be

maintained at 700 W in the both methods. The ripple part of pout is determined

by the reactive power i.e. pq in (2.76). This item is proportional to the dc voltage

ripple based on the analysis in the model. Correspondingly, when the single frame

control scheme is applied, the ripple in the dc link voltage is around 5 V , so there

is an obvious second harmonic component in the instantaneous power, while by

using the proposed control scheme method, the dc voltage ripple is less than 2 V ,

so the second harmonics in the instantaneous power is reduced significantly. The
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results in Fig. 4.13 and Fig. 4.12 show regulating the dc link voltage and regulating

the output instantaneous active power can be achieved simultaneously.

Figure 4.14: Experiment results of input and output instantaneous power and the
currents in the rotating synchronous frame by using a conventional single frame
controller.

Fig. 4.14 and Fig. 4.15 show the instantaneous power flow in the PWM rec-

tifier by applying the different control scheme. The difference between the input

instantaneous power pin and the output instantaneous power pout is equal to the

instantaneous power consumed by the inductance and resistance, pL and pR. Ac-

cording to the analysis of the two terms in (2.88) and (2.89), pL and pR should be

related to the positive and negative current components and the harmonics. Since

the second order harmonics in Ip
d , Ip

q , Ip
n, Ip

n are pretty small, that means the third

order harmonics in the ac current can be neglected in these two cases. Therefore,

the magnitude of the oscillation for pL and pR can be considered to be proportional

to the amplitude of the positive sequence current component Ip1 and the nega-
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Figure 4.15: Experiment results of input and output instantaneous power and the
currents in the rotating synchronous frame by using a dual rotating d-q frame
controller.

tive sequence current component In1. Consequently, when the single frame control

scheme is implemented, ind is around 0.8 A, the amplitude of the negative sequence

current is dominantly decided by this value, so the maximum amplitude of pL + pR

can reach 100 V A, while when using the proposed control scheme, ind is around

0 A, the amplitude of the negative sequence current is correspondingly reduced,

so pL + pR is almost flat. The average of pL + pR is the loss on the resistance,

which is also determined by the amplitude of the positive and negative sequence

components. Hence, eliminating the negative sequence current can reduce the loss

and improve the efficiency of the system.

In order to validate the improved transient performance of the proposed dual

frame control scheme designed by the singular perturbation method, the experi-
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mental results for the step change under the unbalanced operating conditions were

compared with those by using the traditional PI gain. The traditional designed

control parameters which are used in the experiment platform are shown in Ta-

ble 4.3.

Table 4.3: Controller Parameters Used In the Traditional Method

Parameters Value Parameters Value

Kpv 0.03 Kiv 4.59

Kpc 3.7 Kic 200

When the three phase supply voltages are unbalanced, two phase voltages are

80 Vrms and the amplitude of phase c drops to 65 Vrms, the dc reference voltage

is a step-change from 250 V to 300 V, Figs. 4.16-4.17 compare the dynamic per-

formances of PWM rectifier with a dual rotating frame controller designed by two

different methods such as (1) tradition PI controller design method, (2) singular

perturbation method.

The two methods as shown in the both figures can ensure the constant dc link

voltage under the unbalanced supply voltage operating conditions. Fig. 4.16 show

the response of the dc link output voltage and the line side current ipq by using the

traditional cascaded dual frame controller. We can see that the settling time of

the step change is around 100ms and the overshoot is around 45%. While by using

the singular perturbation method to design the dual frame cascaded controller

parameters as shown in Fig. 4.17, the settling time is shorten to 30ms and the

overshoot can be minimized with the same rise time as in Fig. 4.16. Moveover,

when the step-change in the reference occurs, the rush current ipq can be controlled

by using the singular perturbation method.
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Figure 4.16: Experimental results of dynamic performance of PWM rectifier with
a dual rotating d-q frame PI controller designed by the traditional method.

Figure 4.17: Experimental results of dynamic performance of PWM rectifier with
a dual rotating d-q frame controller designed by the singular perturbation method.
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Therefor, by properly designing the time constant for the FMS and SMS of

the voltage and current loops, the singular perturbation method provide improved

dynamic response of the PWM rectifier under unbalanced supply voltage condition.

4.4 Summary

In this chapter, the detailed dynamic analysis and design procedures of the cascaded

dual rotating frame controller for the three phase PWM AC-DC voltage source

converter have been presented under the generalized supply voltage conditions. In

Section 4.1, the analysis of the control system are based on the conventional PI

controller design. However, the traditional design methodology is dependent on a

locally linearized plant model so that it cannot ensure the performance under the

global operating conditions. Therefore, the nonlinear control approach is preferred

to analyze the dynamic performance of three phase PWM AC-DC voltage source

converter. In Section 4.2, the singular perturbation method has been used to

develop the cascaded rotating d-q dual frame control scheme for PWM rectifier.

By using this method, two-time-scale motions, namely, fast motion sub-system

and slow motion sub-system, are induced in the closed-loop system. To ensure the

stability conditions imposed on the fast and slow modes, sufficiently large mode

separation rate by selecting the control law parameters, the closed-loop system can

achieve the desired output transient performances and it is also insensitive to the

nonlinearities of the system and the variations in the parameters.

In Section 4.3, the experimental test results provided on a 1.6 kVA laboratory

based PWM AC-DC voltage source converter validate the performance of the pro-
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posed cascaded rotating dual frame controller. The results prove that the proposed

dual rotating d-q frame controller can minimize the even-order harmonic compo-

nent at the dc link voltage and the odd-order harmonics in the ac line side cur-

rents under the unbalanced supply operating conditions. Also, the proposed dual

frame control scheme can keep the supply side power factor closer to unity under

the unbalanced operating conditions comparing with the single frame controller.

Moreover, the validity of the analysis of the instantaneous power flow in Chapter

2 has been supported with the experimental test results in this section. Finally,

the experimental results show that the singular perturbation method provides the

improved dynamic response of the PWM rectifier under unbalanced supply voltage

conditions by properly designing the time constants for the FMS and SMS of the

voltage and current loop.



Chapter 5

Time Domain Based Repetitive
Controller

In reality, the unbalanced and distorted input supply voltage conditions occur

frequently, particularly in a weak ac system. Since EN 50160 [9] standard allows 6%

low order supply voltage harmonics, and supply voltage sags/swells within ±10%.

The unbalanced and distorted input supply voltages lead to the appearance of

even-order harmonics at the dc output and odd-order harmonics in the input line

side currents [34]. It is essential to ensure the supply side currents with low THD

under such varying and unbalanced supply voltage conditions.

In practice, 5th, 7th, 11th and 13th order voltage harmonics are dominant in

the power distribution networks. The analysis in Chapter 2 indicates that under

the generalized supply voltage conditions, the currents in the positive and negative

rotating synchronous d-q frame consist of a dc component together with the 6th and

12th order harmonic components. In order to obtain sinusoidal current waveforms

in the a-b-c frame, these 6th and 12th order harmonics in the d-q frame supply side

line currents should be eliminated.

137
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Most of the proposed controllers in the literature [36]-[45] have tried to elimi-

nate the harmonics in the supply side line currents as a side effect. Only few control

schemes [61] have been considered to directly deal with the harmonics in the line

side currents under the unbalanced input supply voltage conditions. Therefore,

when the supply voltages are distorted, those control schemes can hardly handle

the current harmonics on the supply side.

Repetitive control (RC) is specially designed for minimizing these periodic

errors to improve the tracking performance, i.e., to suppress the harmonic com-

ponents of a certain frequency in the currents ipd, i
p
q , i

n
d and inq by generating a

compensation control signals Sp
d , S

p
q , S

n
d and Sn

q . Repetitive control (RC) [107],

originated from the internal model principle [106], can be employed to eliminate

periodic errors in a nonlinear dynamical system to achieve high accuracy in the

presence of periodic uncertainties. There are also many reports about the applica-

tions of repetitive control or iterative learning control (ILC) for power electronics

converters [108], [109] as well as motor drives [110], [111]. In [108], a repetitive

controller for the three phase PWM rectifier was implemented in a-b-c frame with

the balanced supply voltage conditions. However, in reality, the supply voltages are

distorted and unbalanced. According to the model in Chapter 2, the controller is

preferred to be designed in the positive and negative synchronous rotating frames

to take care of the low order frequency harmonics due to the negative sequence

components.

In this chapter, a hybrid digital repetitive control scheme is proposed to ef-

fectively minimize the supply side line current harmonics under the distorted and

unbalanced operating conditions. This repetitive controller, as current harmonics
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control scheme, is used to achieve low THD line side currents of the three phase

PWM boost rectifier under distorted supply voltage conditions. A plug-in repet-

itive controller is systematically developed with complete stability analysis. The

experimental test results are provided to validate the effectiveness of the proposed

control scheme on a 1.6 kVA laboratory based three phase PWM rectifier.

5.1 Design of a Plug-in Time Domain Based Repet-

itive Controller

Repetitive control is specially designed to remove the periodic errors generated

due to the disturbances in inputs. The idea of repetitive control, which is based

on the internal model principle, is to use the information of the preceding cycle to

improve the control performance in the present cycle. The plug-in digital repet-

itive controller can be designed in the closed-loop as shown in Fig. 5.1. In this

figure, Yd(z) is the reference signal, Y (z) is the output, E(z) is the tracking error,

D(z) is the disturbance, G(z) is the plant transfer function, Co(z) is the transfer

function of the feedback controller, Crc(z) is the transfer function of the plug-in

repetitive controller and F (z) is the transfer function of the analog filter to remove

the high frequency noises at the interface between the system output and the dig-

ital controller. Hence, the total effect of the plug-in repetitive controller with the

conventional feedback controller can be defined as C(z) = Co(z) + Crc(z). Q(z)

is the low-pass filter to reject the noise and keep the system stable. It should be

noted that it is crucial to keep the internal model accurate, so Q(z) cannot be put

inside the loop for high frequency application.

Usually, Co(z) is the basic feedback controller such as P controller or PI
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Figure 5.1: Implementation of a plug-in repetitive controller.

controller. Co(z) is chosen to ensure that the characteristic polynomial of the

closed-loop system, 1 + Co(z)G(z)F (z), meets the stability conditions.

According to Fig. 5.1, the transfer function of the repetitive controller Crc(z)

is,

Crc(z) = Q(z)
Krcz

−N1

1− z−N
(5.1)

where N = fs/fc is the number of samples for each cycle, which is equal to N1+N2,

with fc being the reference signal fundamental frequency and fs being the sampling

frequency. N1 is used to compensate the phase lag caused by the low-pass filter

and signal transmission.

From Fig. 5.1, the output Y (z) can be expressed by the reference Yd(z) and

the disturbance D(z),

Y (z) =
C(z)G(z)

1 + C(z)G(z)F (z)
Yd(z) +

G(z)

1 + C(z)G(z)F (z)
D(z).

The tracking error E(z) can be derived by,

E(z) = Yd(z)−Y (z) =
Yd(z) + C(z)G(z)F (z)Yd(z)− C(z)G(z)Yd(z)−G(z)D(z)

1 + C(z)G(z)F (z)
.

(5.2)

From the equation (5.2), the characteristic polynomial of the overall repetitive
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control system can be written as,

1 + C(z)G(z)F (z) = 1 + Co(z)G(z)F (z) + Crc(z)G(z)F (z)

= [1 + Co(z)G(z)F (z)]

[
1 +

Crc(z)G(z)F (z)

1 + Co(z)G(z)F (z)

]
= [1 + Co(z)G(z)F (z)] [1 + Crc(z)Ccl(z)] , (5.3)

where Ccl(z) = G(z)F (z)
1+Co(z)G(z)F (z)

is the transfer function from D(z) to Y (z) without

the plug-in repetitive controller.

From the equation (5.3), we can conclude that one possible way to ensure the

stability of the overall repetitive control system is that the roots of the polynomial

1 + Co(z)G(z)F (z) = 0 are inside the unit circle with the following condition,

|1 + Crc(z)Ccl(z)| 6= 0. (5.4)

The requirement of the roots of 1+Co(z)G(z)F (z) = 0 can be met by choos-

ing the controller transfer function Co(z) properly. Therefore, the design of the

repetitive controller must guarantee that the stability condition (5.4) is satisfied.

By substituting the equation (5.1), the condition (5.4) yields,

∣∣1− z−N +Krcz
−N1Q(z)Ccl(z)

∣∣ 6= 0 (5.5)

The equation (5.5) can be guaranteed, if the following condition is satisfied,

∣∣z−N −Krcz
−N1Q(z)Ccl(z)

∣∣ < 1 (5.6)

By realizing z = ejω, (ω = 2πf/fs, which is a normalized frequency with π

being the Nyquist frequency f = fs/2 [107],) it can be easily shown that |zN | = 1.

Then, the condition (5.6) can be simplified as,

∣∣1−Krcz
N2Q(z)Ccl(z)

∣∣ < 1 (5.7)
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Suppose the closed-loop system Ccl(z) has frequency characteristics Ccl(e
jω) =

Ac(e
jω)exp(jθc(e

jω)) with Ac(e
jω) being its magnitude and θc(e

jω) being its phase.

Similarly, the low pass filter Q(z) can be defined as Q(ejω) = Aq(e
jω)exp(jθq(e

jω))

with Aq(e
jω) being its magnitude and θq(e

jω) being its phase. Then, the equation

(5.7) has the form of,

∣∣1−KrcAc(e
jω)Aq(e

jω)ejγ(ω)
∣∣ < 1 (5.8)

where γ(ω) = θc(e
jω) + θq(e

jω) +N2ω.

The equation (5.8) can be expanded as,

∣∣1−KrcAc(e
jω)Aq(e

jω) cos γ(ω)− jKrcAc(e
jω)Aq(e

jω) sin γ(ω)
∣∣ < 1 (5.9)

Taking square on the both sides of this inequality (5.9), we have,

K2
rcA

2
c(e

jω)A2
q(e

jω) < 2KrcAc(e
jω)Aq(e

jω) cos γ(ω) (5.10)

Since the repetitive control gain Krc > 0 and the system gain Ac(e
jω) > 0,

Aq(e
jω) > 0, the equation (5.10) yields,

KrcAc(e
jω)Aq(e

jω) < 2 cos γ(ω) (5.11)

If Krc is chosen as in the equation (5.12), the stability of the closed-loop

system would be guaranteed.

Krc <
2 min [cos γ(ω)]

max [Ac(ejω)Aq(ejω)]
(5.12)

Since Krc > 0 and Ac(e
jω), Aq(e

jω) are both positive, the equation (5.11)

implies,

cos γ(ω) > 0 (5.13)

Therefore, the range of the phase angle γ(ω) can be obtained as,

|γ(ω)| =
∣∣θc(e

jω) + θq(e
jω) +N2ω

∣∣ < 90◦ (5.14)
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From this condition, the phase angle compensator N2 can be selected so that

(5.14) can be satisfied in the frequency band of interest.

The equations (5.12) and (5.14) are the extended format for (5.11), which

provide the stability conditions on the controller gain Krc and phase angle com-

pensator N2 for the closed-loop system. We can see that the low pass filter Q(z)

plays an important role in the selection of control parameters Krc and N2. The low

cut-off frequency for low pass filter Q(z) would give the wider range of the controller

gain Krc, but it requires more phase angle compensation to ensure the validation

of (5.14) in the low frequency range. As a result, the phase angle requirement

(5.14) may not be met for high frequency signals. In practice, it is often difficult to

hold the condition (5.14) valid for all frequencies. Since the cut-off frequency of the

analog filter is designed at 1kHz, the model uncertainty and the system noise above

this frequency would not affect the converter operation. Therefore, the mismatch

of the requirement of phase angle can be ignored when the frequency is greater

than 1kHz.

To enhance the robustness of the overall system, in the presence of the model

uncertainty ∆(z), a gain variation of ε is introduced such that the condition (5.12)

is written as,

Krc <
2 min [cos γ(ω)]

max [Ac(ejω)Aq(ejω)] + ε
(5.15)

From this condition, the repetitive control gain can be determined with the ap-

proximated knowledge of Ac(e
jω), Aq(e

jω) and γ(ω).
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In addition, the tracking error in the equation (5.16) can be expanded as,

E(z) =

(
1− z−N

)
(Yd(z) + C(z)G(z)F (z)Yd(z)− C(z)G(z)Yd(z)−G(z)D(z))

(1 + Co(z)G(z)F (z)) (1− z−N +Krcz−N1Q(z)Ccl(z))

(5.16)

It is clear that when ω approaches ωl = 2πl/N with l = 0, 1, 2, ..., L (L = N/2

for even N and L = (N − 1)/2 for odd N), z−N = 1. Under the condition (5.5),

we can design PI controller to avoid the roots of the characteristic polynomial

1 + Co(z)G(z)F (z) at the frequency ωl. Therefore, for all ωl, we have,

E(ejωl) = 0 (5.17)

The equation (5.17) indicates that if the frequency of the reference input or

disturbance is multiple of the frequency designed to be eliminated and less than

half of the sampling frequency, zero steady state tracking errors for the reference

input are ensured using the plug-in repetitive controller, even in the presence of

model uncertainty.

5.2 TDRC for Supply Current Harmonics Con-

trol

In practice, 5th and 7th order voltage harmonics are dominant in the power distri-

bution networks. As analyzed in the PWM rectifier model in Chapter 2, 5th and

7th order voltage harmonics in a-b-c frame cause 6th order current harmonics in the

d-q frame. The input current harmonics control is mainly to eliminate the 6th order

harmonics in the d-q frame for the line side currents. Therefore, the time domain

based repetitive control (TDRC) method can be employed to regulate the currents

ipd, i
p
q , i

n
d and inq and remove the periodic errors.
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The proposed current control scheme consists of the conventional PI controller

together with a plug-in type repetitive controller for PWM rectifier as shown in

Fig. 5.2.

Figure 5.2: Block diagram of PI controller with a plug-in type repetitive controller.

The basic control law for the TDRC is given by,

uk+1(z) = uk(z) +Krcek+1(z) (5.18)

where uk+1(z) and uk(z) are the z-transforms of the control signals from the repet-

itive control during cycle k + 1 and k, respectively. Krc is the learning gain, and

ek+1 is the tracking error during cycle k + 1. Glpf1(z) and Glpf2(z) are the two

low-pass filters to reject noise in the error signals and TDRC controller output,

respectively.

The transfer function of the plug-in repetitive controller Crc(z) is

Crc(z) = Glpf1(z)Glpf2(z)
Krcz

−N1

1− z−N
(5.19)

The feedback controller Co(z) uses the PI controller designed in Chapter 4.

The Bode plot of the transfer function Ccl(z) is shown in Fig. 5.3. The phase delay

compensator N2 is used to compensate the phase lag caused by the two low-pass

filters and the plant, so that the phase angle γ(ω) possibly can be maintained
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Figure 5.3: Bode plot of Ccl(z) for three phase PWM rectifier.

within the region from −90◦ to 90◦ as shown in the equation (5.14). Based on the

phase angle of close loop transfer function Ccl(z) and two low pass filters Glpf1(z)

and Glpf2(z), the phase angle γ(ω) can be plotted as shown in Fig. 5.4. Fig. 5.4

shows the different curves of the phase angle γ(ω) for the different values of the

phase angle compensator N2 = 6, 8, 11. It is clear that N2 = 8 provides the widest

frequency band to meet the requirement of (5.14).

When N2 = 8, the the phase angle γ(ω) varies from −82.4◦ to 73.33◦, so

min(cosγ(ω)) = 0.13. And the maximum gain of Ccl(z) as shown in Fig. 5.3, -

12dB (max(Ac(e
jω)) = 0.25). According to (5.15), the stable range for Krc can be

obtained,

Krc <
2× 0.13

0.25 + ε
(5.20)

Ideally, when the value of Krc is less than 1, the system should be stable.

However, the gain variation of Ccl(z) is from -12dB (0.25) to -33dB (0.02) until the

operating frequency range of 1kHz. Since the variation of Ac(e
jw) is around 92%,
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Figure 5.4: Plot of phase angle γ(ω) with the different the phase angle compensator
N2.

it is reasonable to make an assumption of 10% model uncertainties. Therefore, we

can choose ε to be around 0.1 or so, leading to Krc < 0.74, and the overall system

would be stable.

In this hybrid control scheme, the linear PI controller provides majority of

the control efforts during the transient stage. Once the system enters the steady

state, the repetitive controller takes over the control effort and tries to reduce the

steady state tracking error from cycle to cycle. Therefore, the 6th order harmonics

in the currents ipd, i
p
q , i

n
d and inq can be removed.

5.3 Experimental Validation

To verify the feasibility of the proposed control scheme, the experiments were con-

ducted under the distorted operating conditions. The complete control scheme was
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implemented on a dSPACE platform (DS1104). The DSP processor TI TMS320F240

was employed with 10 kHz sampling rate in the control board. The IGBT module

adopted the symmetric PWM modulation with 20 kHz switching frequency. The

system parameters used in the experimental platform are summarized in Table 5.1.

Table 5.1: Control Parameters used in Time Domain Based Repetitive Controller

Parameters Value Parameters Value

Krc 0.3 N2 8

Figure 5.5: Experiment results of dc link voltage and ac line side current before
using the repetitive controller when the supply voltage is distorted with 10% 5th

order harmonics.

Fig. 5.5 and Fig. 5.6 show the performance of the PWM rectifier without
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and with the proposed hybrid TDRC control scheme when 10% of the 5th order

harmonic voltages are injected in the supply voltages.

Figure 5.6: Experiment results of dc link voltage and ac line side current after
using the repetitive controller when the supply voltage is distorted with 10% 5th

order harmonics.

Without using the repetitive control, Fig. 5.5 shows the dc link voltage, phase

a supply voltage and current of the system. The distorted supply voltages cause

5th and 7th order harmonics in the ac line side currents to be 20.00% and 4.90%,

respectively. The total harmonics distortion (THD) factor of the phase a input

current is 21.09%. When the plug-in repetitive controller is activated, the current

harmonics are reduced significantly as can be seen in Fig. 5.6. From the frequency

spectra of the harmonics in the ac line side currents, we can see that the 5th order

harmonic component decreases from 20.00% to 2.82% and 7th order harmonics is
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from 4.95% to 1.41%, and the THD factor of the phase input current is reduced

from 21.09% to 5.27%.

Figure 5.7: Experiment transient response of error convergence with the different
Krc values when the repetitive controller has been plugged in.

Fig. 5.7 shows the transient response of the error convergence for the ipq current

control loop with the different Krc values when the phase delay compensator N2

is set to 8. For the different gain Krc = 0.1, 0.3 and 0.5, the errors between the

reference current and the actual current are all gradually reduced from 1.8 A to 0.2

A. Furthermore, the higher gain makes the error to converge faster as can be seen

from Fig. 5.7. So when Krc = 0.5, it provides the fastest response in these three

cases. However, if Krc is too high, the system becomes unstable. A conservative
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value of 0.3 is recommended for our experimental platform.

Figure 5.8: Experiment transient response of error convergence with the different
phase delay N2 when the repetitive controller has been plugged in.

Fig. 5.8 shows the transient response of the error convergence for the ipq current

control loop with the different phase delay compensator N2 when the gain Krc is

0.3. When N2 = 6, the amplitude of the steady state error is around 0.3 A, while

when N2 = 8, the steady state error can be reduced till 0.1 A. However, when N2

is 12, the current error diverges again after some time as shown in Fig. 5.8 (c).

Fig. 5.8 shows that it is important to choose the proper phase delay compensator

for the repetitive controller. For this case, N2 = 8 gives the best performance of

the zero error tracking of the current control loop.
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Figure 5.9: Experiment results of dc link voltage and ac line side current before
using the repetitive controller when the supply voltage is distorted with 10% 7th

order harmonics.

The same control scheme has been used to test when 10% of the 7th order

harmonic voltages are injected in the supply voltages. Fig. 5.9 shows the dc link

voltage, phase a ac supply voltage and current of the system without using the

repetitive control. These distorted supply voltages cause 5th and 7th order harmon-

ics in the ac line side currents to be 5.01% and 21.07%, respectively. The THD

factor of the phase a input current is 22.68% as shown in Fig. 5.9.

Fig. 5.10 shows the results with TDRC scheme applied. From Fig. 5.10, the

current harmonics are reduced significantly when the plug-in repetitive controller

is used, the 5th order harmonic component decreases from 5.01% to 1.02% and 7th
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Figure 5.10: Experiment results of dc link voltage and ac line side current after
using the repetitive controller when the supply voltage is distorted with 10% 7th

order harmonics.

order harmonics is from 21.07% to 2.13%. Also, the THD factor of the phase a

input current is reduced from 22.68% to 5.53%.

In practice, the 5th order and 7th order harmonics are both involved in the

supply voltages. Fig. 5.11 and Fig. 5.12 show the dc link voltage, phase a ac

supply voltage and current of the system, and compare the performance of the

PWM rectifier without and with the proposed hybrid control scheme when 5% of

the 5th order and 5% of the 7th order harmonic voltages are injected in the supply

voltages. Without using the repetitive control, the distorted supply voltages cause

the 5th and 7th order harmonics in the ac line side currents to be 6.95% and 14.46%,
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Figure 5.11: Experiment results of dc link voltage and ac line side current before
using the repetitive controller when the supply voltage is distorted with 5% 5th and
5% 7th order harmonics.

respectively, which can be seen in Fig. 5.11. Fig. 5.12 shows that the current

harmonics are decreased significantly when the repetitive controller is plugged in.

From the frequency spectra of the harmonics in the ac line side currents, we can

see that the 5th order harmonic component decreases from 6.95% to 1.40% and 7th

order harmonics is from 14.46% to 2.09%. Moreover, the THD factor of the phase

input current is reduced from 16.63% to 4.90%.

In the proposed hybrid control scheme, the plug-in repetitive controller can

maintain the steady state error within 0.1A error band and the cascaded PI con-

troller takes care of the dynamic performance. Fig. 5.13 shows the dc link voltage



Chapter 5. Time Domain Based Repetitive Controller 155

Figure 5.12: Experiment results of dc link voltage and ac line side current after
using the repetitive controller when the supply voltage is distorted with 5% 5th and
5% 7th order harmonics.

and the ac line side current when the load is changed from 340Ω to 226Ω. We can

see that the variation of the dc link voltage is within 0.5% and the line side current

goes to the steady state in two cycles, around 40 ms. Hence, the proposed control

scheme still can regulate the dc link voltage and keep the link current sinusoidal

when the load disturbance occurs.

Therefore, it can be concluded that the plug-in repetitive controller can min-

imize the harmonics in the supply side currents and provide better steady state

performance under the distorted supply voltage operating conditions as compared

to the conventional controller.
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Figure 5.13: Experiment results of dc link voltage and ac line side current when
the load increases.

5.4 Summary

In this chapter, a digital repetitive control scheme is proposed for the three phase

PWM boost rectifiers to eliminate the supply side current harmonics under the

generalized supply voltage conditions. Based on the analysis of the distorted supply

voltages, the predominant voltage harmonics, 5th and 7th order harmonics result

in the same frequency and 6th order harmonics on the line side currents in the

rotating synchronous d-q frame. Therefore, the control task is divided into voltage

harmonics control and current harmonics control. The conventional PI controller

is operating voltage harmonics control scheme to make sure that the dc link voltage

is maintained constant and the supply side power factor is kept close to unity. A

plug-in repetitive current controller (RC), as current harmonics control scheme,

is designed and employed to improve the line side current waveforms of the three

phase PWM boost rectifier under the distorted supply voltage conditions. The
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choice of the repetitive control parameters such as gain Krc and the phase delay

compensator N2 have been discussed. The experimental results verify that the

proposed plug-in digital repetitive control scheme can minimize the harmonics in

the ac line side currents while maintaining the dc link voltage constant.



Chapter 6

Frequency Domain Based
Repetitive Controller

Since the repetitive controller (RC) [107] is suitable to eliminate periodic errors in

a nonlinear dynamical system to achieve high accuracy in the presence of periodic

uncertainties, it can be employed to remove the supply line side current harmonics

of voltage source converter under the unbalanced and distorted supply voltage

conditions. In this chapter, we focus on a new approach – repetitive controller

designed in the frequency domain (FDRC) as has been explored partially in [110],

[115].

The main advantage of designing a repetitive controller in the frequency do-

main is the simplicity in the control algorithm and the real-time implementation.

Note that a harmonics is completely determined by two real numbers: magnitude

and phase. By using the known sinusoidal feature of harmonics, the repetitive

controller needs only to learn and update these two parameters. On the contrary,

a harmonics in time domain is described as a function of time. Thus the system

response of an entire cycle will have to be stored for learning and updating in a

158
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pointwise manner. The controller design would be easier in the frequency domain

than in the time domain. Moreover, FDRC scheme performs like notch filters and

learns the selected harmonic frequencies only, so that it avoids the integral oper-

ation for high band frequencies which are dominated by noise. It is also easier to

calculate the appropriate phase angle compensation for the individual harmonic

frequencies where the phase lag is inevitable from the plant and filters. Hence,

FDRC scheme is introduced to enhance the robustness of the control system.

In this chapter, a plug-in frequency domain based repetitive control (FDRC)

scheme is proposed to effectively minimize the supply line side current harmonics

and the dc link voltage harmonics under the distorted and unbalanced operat-

ing conditions. Based on the mathematical model of the three-phase PWM boost

rectifier in the positive and negative synchronous rotating frames, the control objec-

tives can be separated as voltage harmonics control and current harmonics control.

A plug-in FDRC is designed and employed in current harmonics control scheme

to eliminate the current harmonics in the line side. The learning algorithm in the

FDRC scheme uses Fourier series analysis to obtain the magnitude and phase angle

of each chosen frequency component, and utilize these information to reconstruct a

signal for the learning process. As a result, low THD line side currents of the three

phase PWM boost rectifier under the distorted supply voltage conditions can be

achieved. The experimental test results provided validate the effectiveness of the

proposed control scheme on a 1.6 kVA laboratory based three phase PWM rectifier.
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6.1 Design of a Plug-in Digital Frequency Do-

main Based Repetitive Controller

The plug-in digital repetitive controller can be designed in the closed-loop as shown

in Fig. 5.1 in Chapter 5. The transfer function of the plug-in repetitive controller

Crc(z) is the frequency domain based repetitive controller. The basic idea of repet-

itive controller is to utilize the knowledge of previous cycle error and control effort

for each frequency component to eliminate periodic error in the current cycle. Ac-

cording to the major difference of the implementation with and without Fourier

series expansion (FSA) in the control scheme, the repetitive controller can be di-

vided into two kinds, namely, the time domain based repetitive controller and the

frequency domain based repetitive controller.

Similar to the analysis in Chapter 5, one possible way to ensure the sta-

bility of the overall repetitive control closed-loop system is that the roots of the

polynomial 1 + Co(z)G(z)F (z) = 0 are inside the unit circle and the condition

|1 + Crc(z)Ccl(z)| 6= 0 can be hold as shown in the equation (5.4).

The learning algorithm of FDRC scheme is implemented in the frequency

domain by using Fourier series approximation (FSA) method [114]. The principle

idea of FDRC scheme is then to learn from the previous cycle data and update

two coefficients, the magnitude and phase, for each harmonic to be compensated.

In practice, system noise or other small non-repeatable factors always exist in the

system. Accumulation of those components contained in uk+1 may degrade the ap-

proximation precision of the controller. Fourier series based learning mechanism,

on the other hand, updates coefficients R0 and Rn of the learned frequency compo-
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nents over the entire learning period according to (6.1), which takes an averaging

operation on output control signals and tracking error signals, and is able to remove

the majority of noise and nonrepeatable factors. Therefore, Fourier series based

learning method enhances the robustness property of repetitive learning control

while improving the tracking performance.

The error signal ek+1 and control signal uk+1 can be presented by a continuous

periodic signal f(t), which is defined over the time interval 0 ≤ t < T for one cycle

and sampled with sampling time ∆T . This periodic signal f(t) can be expressed

in Fourier series approximation format [115],

f(k∆T ) = R0 +
v−1∑
n=1

(Rncos(nωk∆T ) + Insin(nωk∆T )) (6.1)

where

R0 =
∆T

T

N−1∑
k=0

f(k∆T )

Rn =
2∆T

T

N−1∑
k=0

f(k∆T )cos(nωk∆T )

In =
2∆T

T

N−1∑
k=0

f(k∆T )sin(nωk∆T )

where n = 1, 2, 3, ..., v− 1; k = 0, 1, 2, ..., N − 1; N denotes sampling number in the

interval 0 ≤ t < T ; v is the number of harmonics; ω = 2π/T .

The FSA calculation algorithm used in the controller can be simplified as the

product of the frequency component vector Ω (f(k∆T )) and the coefficient vector

ψ (f(k∆T )). The frequency component vector of the signal f(t) is given as,

Ω (f(k∆T )) =
[1 cos(ωk∆T ) cos(2ωk∆T ) ... cos(vωk∆T )

sin(ωk∆T ) sin(2ωk∆T ) ... sin(vωk∆T )].
(6.2)
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The coefficient vector of the signal f(t) can be expressed as,

ψ (f(k∆T )) =
[R0 R1 R2 ... Rv

I1 I2 ... Iv]
T .

(6.3)

At every sampling point, FDRC scheme updates its coefficient vector ψ (f(k∆T ))

based on previous cycle information and calculates its frequency component vector

Ω (f(k∆T )). By using FSA, we can obtain,

FSA (f(k∆T )) = Ω (f(k∆T )) · ψ (f(k∆T )) . (6.4)

However, the analog anti-aliasing filter shown in Fig. 5.1 and the plant char-

acteristics introduce the phase delays between the output control signals and the

feedback signals in the system. Due to the presence of phase delays, the internal

model of RC cannot be kept accurate. Hence, this phase delay problem which

commonly exists in all control systems lead to an ineffective error minimization

scheme. Additionally, the phase delay for each frequency component is not the

same and differ from one to another. Mostly, the phase delay with the higher order

harmonic components are much higher than that for the lower order harmonics,

which leads to a positive feedback effect. Consequently, the inability of compen-

sating the phase delay properly will cause the harmonics components to increase

significantly instead. Wu et.al [34] show that TDRC scheme only can provide a

fixed phase angle delay compensator for all the frequency components. In order to

avoid the deterioration of the performance caused by the incomplete phase compen-

sation in the high frequency range, the low pass filter is required to eliminate the

high frequency harmonic. Unlike the TDRC, FDRC can extract the magnitude and

phase angle information for each frequency component separately, and the phase

delay compensation could be easily added in to (6.2), so that Ω (f(k∆T )) can be
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modified as,

Ωα (f(k∆T )) =
[1 cos(ωk∆T + α1) cos(2ωk∆T + α2) ... cos(vωk∆T + αv)

sin(ωk∆T + α1) sin(2ωk∆T + α2) ... sin(vωk∆T + αv)]
,

where αv are the value of the phase angle delay compensation and the subscript v

shows which order harmonic components are supposed to be eliminated.

The FSA with the phase angle delay compensation can be expressed as,

FSAα (f(k∆T )) = Ωα (f(k∆T )) · ψ (f(k∆T )) . (6.5)

Figure 6.1: Block diagram of frequency domain based repetitive controller.

The FDRC control block diagram by means of Fourier series approximation

method is shown in Fig. 6.1. In the figure, MEM1, MEM2 are the memories used

to keep one cycle data. ψ is the calculator for the coefficient vector of the periodic

signal f(t) in Fourier series approximation format. FSAα is the step to reconstruct

the signal f(t) by using modified Fourier series approximation in (6.5).

From Fig. 6.1, the corresponding control law for the FDRC scheme is given

by,

ψu,k+1(z) = ψu,k(z) +Krc · ψe,k+1(z), (6.6)

where k is the cycle number; Krc is a vector for the learning gain; the subscripts

u and e represent the control input and tracking error, respectively; the subscripts

k + 1 and k designate the present and previous cycles respectively.
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Since there are N samples in one cycle, the transfer function between the

coefficient vector of the error signal ψe,k and the coefficient vector of the control

signal ψu,k can be expressed as,

ψu,k

ψe,k

=
Krc

1− z−N
. (6.7)

The coefficient vector is the vector including the gain for each frequency

component, so the variation of the coefficient vector would not be big during the

steady state. Assuming the frequency of the ψe,k variation is a small value ω1,

the equation (6.7) can be written by realizing z = ejω, (ω = 2πf/fs, which is a

normalized frequency with π being the Nyquist frequency f = fs/2 [107], fs is the

sampling frequency),

ψu,k

ψe,k

=
Krc

1− e−jNω1
. (6.8)

The ratio between the magnitude of ψu,k and ψe,k can be obtained from (6.9),

|ψu,k|
|ψe,k|

=
Krc

2− 2 cosNω1

=
Krc

ς
, (6.9)

when ω1 is assumed to be a small and fixed value, ς is close to zero. Hence, the

ratio between the magnitude of ψu,k and ψe,k would be very big and proportional

to the gain vector Krc for the different frequency components.

According to the modified FSA with the phase delay compensation in (6.5),

the phase angle between the error signal ek and the final output control signal urc,k

is decided by αv for each vth order harmonics. Therefore, the transfer function of

the plug-in frequency domain based repetitive controller Crc,FDRC(z) is

Crc,FDRC(ω) =
Krc

ς
ejαv . (6.10)

By substituting the equation (6.10), the stability condition (5.4) yields,∣∣∣∣1 +
Krce

jαvCcl(e
jω)

ς

∣∣∣∣ 6= 0. (6.11)
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Using the closed loop frequency characteristics Ccl(e
jω) = Ac(e

jω)exp(jθc(e
jω))

with Ac(e
jω) being its magnitude and θc(e

jω) being its phase, the equation (6.11)

can be rewritten as, ∣∣∣∣1 +
KrcAc(e

jω)ejγf (ω)

ς

∣∣∣∣ 6= 0 (6.12)

where γf (ω) = θc(e
jω) + αv.

The equation (6.12) can be guaranteed, if the following condition is satisfied,

∣∣∣∣KrcAc(e
jω)ejγf (ω)

ς

∣∣∣∣ < 1 (6.13)

Since |ejγf (ω)| = 1, the repetitive control gain Krc > 0, ς > 0 and the system

gain Ac(e
jω) > 0, and some margin δ is kept for the model uncertainty, Krc in the

range (6.14) would grantee the stability of the closed loop system,

Krc <
ς(1− δ)

Ac(ejω)
(6.14)

From Fig. 5.1, we can see that the transfer function between the error signal

ek and the final output control signal of the FDRC controller urc,k can be expressed

as

E(z)

Urc(z)
= − G(z)F (z)

1 + Co(z)G(z)F (z)
= −Ccl(z) (6.15)

The transfer function shows that phase delay between Urc(z) and E(z) is

caused by the filters, the plant and controller Co. To achieve the good tracking

performance by using the repetitive control, the key is to inject the control signal

which can provide the feedback signal with the 180◦ phase angle shift to the error

signal. As a result, the output signal generated by FDRC controller can reduce the

original error signal. Accordingly, the phase angle delay compensation αv should

be added to match the following relationship,

αv +
(
−θc(e

jω)
)

= π (6.16)
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6.2 FDRC for Supply Current Harmonics Con-

trol

One of the control objective for the three phase PWM AC-DC voltage source

converter under the generalized operating condition, as described in Chapter 3, is to

eliminate the odd-order harmonics in the supply side line currents. In practice, 5th,

7th, 11th and 13th order voltage harmonics are dominant in the power distribution

networks. As analyzed in the PWM rectifier model in Chapter 2, the corresponding

6th and 12th order harmonics are generated in the positive and negative rotating

synchronous d-q frame supply side line currents. Therefore, the 300 Hz, 600 Hz

frequency components are selected as the learning objectives to be eliminated.

Accordingly, the learning gain and the phase angle delay compensation are designed

for each frequency component.

The block diagram of the implemented current control scheme is shown in

Fig. 6.2. The feedback controller Co(z) adopted the PI controller designed in

Chapter 4. The frequency domain based repetitive controller for PWM rectifier is

plugged in as an additional controller with the existing PI controller.

Figure 6.2: Block diagram of PI controller with a plug-in type frequency domain
based repetitive controller.

The frequency component vector of the tracking error ek and the control
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signal uk is given as,

Ω (f(k∆T )) =
[1 cos(6k∆T ) cos(12k∆T )

sin(6k∆T ) sin(12k∆T )]
, (6.17)

and the coefficient vector of the tracking error and control signal is written as,

Ψ (f(k∆T )) =
[R0 K6R6 K12R12

K6I6 K12I12]
T
. (6.18)

The modified frequency component vector Ωα can be obtained by adding the

phase delay compensation into (6.17),

Ωα (f(k∆T )) =
[1 cos(6k∆T + α6) cos(12k∆T + α12)

sin(6k∆T + α6) sin(12k∆T + α12)]
(6.19)

where α6, α12 are the phase angle delays caused by the filter and the plant for the

6th and 12th harmonic components, respectively.

Correspondingly, the vector of the learning gain Krc for the 6th and 12th order

harmonics is [K6 K12] .

The Bode plot of the close loop transfer function Ccl(z) for the conventional

PI controller is shown in Fig. 5.3. From the figure, we can see that the maximum

system gain Ac(e
jω) is -21dB (0.089) and the phase angle θc(e

jω) is −76.8◦ at the

6th order harmonics frequency (300 Hz). Also, the system gain Ac(e
jω) is -26.5dB

(0.047) and the phase angle θc(e
jω) is −97.5◦ at the 12th order harmonics frequency

(600 Hz).

The advantage of the frequency domain based repetitive controller is to pro-

vide the flexibility of designing different learning gains and phase angle delay com-

pensations individually for each harmonic component. Assuming the frequency of
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the variation ω1 in (6.9) is ten times smaller than the first learning frequency com-

ponent fc (300 Hz), so the parameter ς is 0.38. According to the stability condition

(6.14) with the variation consideration (ε = 0.1), the range of the learning gain K6,

K12 for 300 Hz and 600 Hz can be obtained,

K6 <
0.38× 0.9

0.089
= 3.83; (6.20)

K12 <
0.38× 0.9

0.047
= 7.27. (6.21)

The phase angle delay compensations α6 and α12 are used to compensate the

phase lag caused by the low-pass filter and the plant system, so that the repetitive

controller can provide the control signal Si,k with the proper phase shift to cancel

the corresponding current error. Based on the equation (6.16), the phase angle

delay compensations α6 and α12 can be designed as 103.2◦ (1.80 rad) and 82.5◦

(1.43 rad), respectively.

In this hybrid control scheme, the linear PI controller provides majority of

the control efforts during the transient stage. Once the system enters the steady

state, the frequency domain based repetitive controller takes over the control effort

and tries to reduce the steady state tracking error from cycle to cycle. Therefore,

the 6th and 12th order harmonics in the currents ipd, i
p
q , i

n
d and inq can be removed.

6.3 Experimental Validation

To verify the feasibility of the proposed control scheme, the experiments were

conducted under the unbalanced and distorted supply voltage conditions. The

complete control scheme was implemented on a dSPACE platform (DS1104) with
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Table 6.1: Control Parameters used in Frequency Domain Based Repetitive Con-
troller

Parameters Value Parameters Value

K6 3 K12 6

α6 1.8 rad α12 1.4 rad

10 kHz sampling rate. The switching frequency is 20 kHz. The system parameters

used in the experimental platform are summarized in Table 6.1.

Figure 6.3: Experiment results of dc link voltage and ac line side current with
FDRC controller when the supply voltage is distorted with 10% 5th order harmon-
ics.

Fig. 6.3 shows the performance of the PWM rectifier with the proposed hybrid

frequency domain based repetitive control scheme when 10% of the 5th order har-

monic voltages are injected in the supply voltages. Without using FDRC scheme
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as shown in Fig. 5.5 in Chapter 5, the distorted supply voltages cause 5th and 7th

order harmonics in the supply side line currents to be 20.00% and 4.90%, respec-

tively. The total harmonics distortion (THD) factor of the phase a input current

is 21.09%. When the plug-in frequency domain based repetitive controller is acti-

vated, the current harmonics are reduced significantly as can be seen in Fig. 6.3.

From the frequency spectra of the harmonics in the supply side line currents, we

can see that the 5th order harmonic component decreases from 20.00% to 0.96%

and 7th order harmonics is from 4.95% to 0.57%, and the THD factor of the supply

line side current is reduced from 21.09% to 4.12%.

Figure 6.4: Experimental results of the current ipd and its frequency spectra without
RC scheme.

Figs. 6.4-6.7 show experimental results of the steady state current ipd in the

positive rotating synchronous d-q frame and the frequency spectra of this current

without and with the repetitive controller. Before using any repetitive controller,

there are obvious 6th (300 Hz) and 12th (600 Hz) order harmonics in the current ipd,

that are caused by the distorted supply voltages. From Fig. 6.4, we can see that the

amplitude of the 6th and 12th order harmonic components are 0.7891 A and 0.1025
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A, respectively. By using TDRC scheme, the amplitude of the 6th and 12th order

harmonic components have been significantly reduced, the 6th order harmonics is

reduced from 0.7891 A to 0.1253 A, and the 12th order harmonics is reduced from

0.1025 A to 0.0315 A. The THD factor of the supply line side current for phase-a

is decreased from 21.09% to 5.27%.

Figure 6.5: Experimental results of the current ipd and its frequency spectra with
TDRC scheme.

Once FDRC scheme is applied to eliminate the 300 Hz and 600 Hz frequency

components, the harmonics in the current ipd can be further trimmed down. Fig. 6.6

and Fig. 6.7 show the results by using FDRC scheme with the learning frequency at

300 Hz and at 300 Hz, 600 Hz, respectively. With only learning 300 Hz frequency

component as shown in Fig. 6.6, FDRC scheme can suppress the 6th order harmonic

component from 0.789 A to 0.0501 A, but the amplitude of the 12th order harmonic

component is still quite high, 0.0788 A. In order to get the better tracking perfor-

mance, both 300 Hz and 600 Hz should be learned in FDRC scheme. The results

in Fig. 6.7 shows the 6th order harmonics is 0.0434 A, much smaller as compared

to that without RC scheme, 0.7891 A, and that with TDRC scheme, 0.1253 A, and
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the 12th order harmonics also can be reduced from 0.1025 A (without RC scheme)

to 0.0311 A. The total harmonic distortion (THD) of the phase a supply line side

current is decreased from 21.09% to 4.12% by using FDRC scheme.

Figure 6.6: Experimental results of the current ipd and its frequency spectra with
FDRC scheme to learn 300Hz component.

Fig. 6.8 shows the transient response of the error convergence for the ipq cur-

rent control loop with the different repetitive control scheme plugged in. Due the

limitation on the stability condition, the maximum safe value for the learning gain

Krc is around 0.5 by using TDRC scheme. While the learning gain for FDRC

scheme can be chosen for the individual learning frequency component. Hence, the

learning gain K6 for 300 Hz frequency harmonics can be selected at 3, and the

learning gain K12 can be 6 according to the condition (6.20). Fig 6.8 verifies that

FDRC scheme provides much shorter convergence time, which only takes 100ms,

as compared that the current error needs 800ms to converge with TDRC scheme

plugged in.

In practice, the unbalanced and distorted supply voltages often occur. The
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Figure 6.7: Experimental results of the current ipd and its frequency spectra with
FDRC scheme to learn 300Hz and 600Hz component.

Figure 6.8: Experiment transient response of error convergence with TDRC scheme
and FDRC scheme plugged in.
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controller should be ensured to eliminate the even-order harmonics at the dc link

voltage and the odd-order harmonics in the supply side line currents. The following

experiments show the test results of three phase PWM AC-DC voltage source

converter with the proposed hybrid control scheme under unbalanced and distorted

supply conditions.

Figure 6.9: Experiment results of dc link voltage and ac line side current by using
a conventional single frame controller.

Figs. 6.9-6.11 compare the performance of the PWM rectifier by using the

conventional single frame, the dual rotating d-q frame without and with the hy-

brid frequency domain based repetitive control scheme when 10% of the 5th order

harmonic voltages are injected in the balanced supply voltages and the amplitude

of phase c drops by 20 V from 113 V to 93 V. With the single frame controller,
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Figure 6.10: Experiment results of dc link voltage and ac line side current by using
a dual rotating d-q frame controller.

Figure 6.11: Experiment results of dc link voltage and ac line side current by using
a dual rotating frame controller with FDRC scheme.
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the ripple of the dc link voltage is 2.5% and THD factor of the ac line side current

is 29.03% as shown in Fig. 6.9. When the dual rotating frame controller is im-

plemented, we can see from Fig. 6.10 that the ripple component in vdc is reduced

from 2.5% to 1.0%. Although the ac line side currents are still distorted, the THD

factor of the line side current is decreased from 29.03% to 16.68%. After using

FDRC scheme in the dual frame controller as shown in Fig 6.11, the performance

of three phase PWM rectifier has been improved further. The ripple at the dc link

voltage has been reduced from 2.5% by using the single frame controller to 0.5%

by using the dual frame controller with FDRC scheme. The ac line side current is

almost sinusoidal and the THD factor of the line side current with FDRC scheme

in the dual frame controller, is quite small, 5.93%, in comparison with the line side

current THD with the single frame controller, 29.03%.

Figure 6.12: Frequency spectra of harmonics at dc link voltage by using the three
different control schemes.

Figs. 6.12-6.13 show the frequency spectra of harmonics in dc link voltage

and ac line side current by using the three different control schemes. As shown in

Fig. 6.12, by using the dual frame controller, the even-order harmonics at dc link

voltage which is caused by the unbalanced supply voltages have been significantly
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Figure 6.13: Frequency spectra of harmonics in ac line side current by using the
three different control schemes.

reduced, 2nd (100 Hz) order harmonics from 1.941V with the single frame controller

to 0.3 V and 6th (300 Hz) order harmonics from 2.08 V to 0.8714 V. When the

FDRC scheme is plugged into the dual frame controller, the components of each

frequency harmonics have been further reduced. From Fig. 6.13, we can see that

the harmonics in the line side current have been decreased by using the dual frame

controller with FDRC scheme. The amplitude of the 5th and 7th order harmonic

components with FDRC scheme in the dual frame are much smaller, 0.04707 A

and 0.0168 A, respectively, as compared to 0.9681 A and 0.8462 A obtained from

the single frame controller.

Therefore, it can be concluded that the plug-in frequency domain based repet-

itive controller in the dual rotating frame can minimize the harmonics at the dc

link voltage and in the supply side currents under the distorted and unbalanced

supply voltage operating conditions as compared to the conventional controller.
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6.4 Summary

In this chapter, a frequency domain based repetitive control scheme is proposed as

a plug-in controller for the three phase PWM AC-DC voltage source converters to

eliminate the dc link voltage ripples and the supply side current harmonics under

the distorted and unbalanced supply voltage conditions. Since the control task

of the three phase PWM boost rectifier has been divided into voltage harmonics

control and current harmonics control under the generalized supply conditions, a

plug-in frequency domain based repetitive current controller (FDRC) scheme, is

employed as current harmonics control scheme by using Fourier series approxima-

tion (FSA) method. The learning algorithm of FDRC scheme designed in frequency

domain gives the freedom of choosing different learning gains and phase angle de-

lay compensation individually for each harmonic component, which leads to the

improved tracking performance for the supply side line currents. The experimental

results verify that the ripple at the dc link voltage can be reduced from 2.5% to

0.5% and the THD of the line side current can be improved from 29.03% to 5.93%

with the insertion of the plug-in frequency domain based repetitive controller in

the dual rotating frame.



Chapter 7

Conclusions and Future Works

This chapter concludes the thesis. It briefly restates the motivation of the thesis

work, the identified problem areas and the various findings in each problem area.

Finally, it shows the the direction of future research in this regard.

7.1 Conclusions

This thesis covers work done on development of a high-performance control scheme

for three phase PWM AC-DC voltage source converter under the unbalanced and

distorted supply voltage conditions. This AC-DC voltage source converter can of-

fer several advanced features such as the sinusoidal input current with unity power

factor and simultaneous high quality dc output voltage with small size dc side fil-

ter. However, all the advantages for the voltage source converter only work with

the implicit assumption of the balanced input voltage conditions. Nevertheless, the

unbalanced and distorted voltage conditions occur frequently in input supply, par-

ticularly in a weak ac system. Under the unbalanced and distorted input voltage

179
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conditions, the performance of three phase PWM AC-DC voltage source converter

is deteriorated by the presence of the negative sequence voltage and voltage har-

monics. Hence, the even-order harmonics at the dc side voltage and the odd-order

harmonics in the ac side currents under the unbalanced and distorted operating

conditions would offset several advantages of three phase PWM AC-DC voltage

source converters.

In order to guarantee the performance of three phase PWM AC-DC voltage

source converters under unbalanced and distorted supply voltage conditions, there

are two possible approaches feasible. One approach is to use bulky filters to re-

move the ripples in the output voltage and input currents. However, it would slow

down the dynamic response of the PWM AC-DC voltage source converter and also

increase the size of the converter. The other alternative is to use active control

schemes to minimize the harmonics so that small size input/output filters can be

used and the dynamic response of the PWM rectifier can be ensured. Hence, this

approach is more suitable for the high performance application which requires a

ripple-free DC output voltage and low THD line side currents with unity power

factor operation. Therefore, the major focus of our study is to provide high perfor-

mance of three phase PWM AC-DC voltage source converters under the unbalanced

and distorted operating conditions with the active control solution.

In Chapter 1, a thorough literature review of various active control solution

for three phase PWM AC-DC voltage source converter under the unbalanced and

distorted operating conditions. Although most of the research works eliminate the

harmonics at the dc link voltage under the unbalanced supply voltages by regulating

the instantaneous power flow, there are no detailed investigations to explain the
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direct relationship between the instantaneous power and the ripples in the dc link

voltage. Moreover, few control schemes have been considered to directly deal with

the harmonics in the ac line side currents under the unbalanced supply voltages,

which can hardly handle the supply current harmonics when the supply voltages

are distorted. Hence, this thesis is aimed at developing an active control solution to

to eliminate the even-order harmonics at the dc voltage, keep the input ac supply

current sinusoidal and maintain the unity power factor and low THD for three

phase PWM AC-DC voltage source converter under the distorted and unbalanced

supply voltage operating conditions.

It is essential to have a good understanding of the plant before designing

a high-performance controller. Detailed modelling of three phase PWM AC-DC

voltage source converter in the positive and negative synchronous rotating frames

was carried out in Chapter 2. This proposed model can be used to explain that the

negative sequence components lead to the even-order harmonics at the dc output

voltage and the low frequency odd-order harmonics in the input ac currents under

the unbalanced supply voltage conditions. Besides that, the explanations of the

appearance of the harmonic component in the input line side currents are given

based on the proposed mathematical model under the distorted supply voltages.

Moreover, the instantaneous power flow of the complete system can be analyzed by

using this mathematical model in the positive and negative synchronous rotating

frames. The power flow analysis provides the direct insight into the relationship

between the dc link voltage ripple and the second harmonic terms in the instanta-

neous power and shows the inner link between the odd-order harmonics in the ac

line side currents and the even-order harmonics at the dc output voltage. Hence,

the performance of three phase PWM AC-DC voltage source converter under the
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generalized supply voltages can be improved by power regulation. Finally, the

simulation results are provided to validate the proposed model and analysis.

In Chapter 3, the complete control strategy in the positive and negative

sequence rotating synchronous d-q frames has been described . In order to eliminate

the even-order harmonics at the dc link voltage and the odd-order harmonics in

the ac line side currents, the control scheme can be divided into two parts, DC

link voltage harmonics control scheme and AC line side current harmonics control

scheme. These two parts of control scheme can be implemented by the cascaded

dual frame current regulator with a voltage regulator to ensure the performance

of the three phase PWM AC-DC voltage source converter. Based on the control

objectives and power requirements, the four control laws can be summarized to

provide loads with a suitable amount of average power, maintain unity power factor

for the utility interface and keep the dc link voltage ripple-free in DC link voltage

harmonics control scheme. The positive and negative sequence current references

ip∗d , ip∗q , in∗d and in∗q are generated by solving the set of the equations from these

four control laws.

Moreover, the influence on the performance of the whole control scheme of

the three independent blocks, PWM modulation scheme, software phase locked loop

and symmetrical components calculator, have been discussed. It has been shown an-

alytically that SVPWM scheme provides a 33.3% higher gain than SPWM scheme

which would lead to the better dynamic performance. Also, by using the SVPWM

scheme, the voltage source converter can operate at 13.4% lower output voltage

than SPWM scheme for the same ac input voltage. Therefore, by using the dif-

ferent PWM modulation scheme, the operating range and dynamic performance
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of the converter would be different. According to the comparison between the

SPWM scheme and the SVPWM scheme, the SVPWM scheme is preferred over

the SPWM scheme for three phase PWM AC-DC voltage source converter. In or-

der to assure the correct generation of the reference signals, software phase locked

loop (SPLL) has been designed to synchronize the phase angle with the positive

sequence voltage fast and accurately. The modified scheme has been proposed to

decoupled the SPLL system and the current controller so that the stability for the

closed-loop system can be guaranteed and the accurate phase angle information

can be obtained. In symmetrical components calculator, the phase shifting method

is used to extract the positive and negative sequence components effectively online.

However, the frequency spectrum of the transfer function of this block shows that

the phase shifting method introduces the sudden phase changing at at the certain

frequencies such as 50Hz, 100Hz, 200Hz, 250Hz, 350Hz and so on, which may cause

the instability of the system easily. Nevertheless, the gain at these frequencies of

the block symmetrical components calculator is very low. Therefore, when we de-

sign the current controller, the effect of symmetrical components calculator can be

neglected.

After introducing the complete control scheme and elaborating the auxiliary

function blocks, the cascaded dual rotating frame controller for the three phase

PWM AC-DC voltage source converter under the generalized supply voltage condi-

tions has been developed for the purpose of voltage harmonics control in Chapter 4.

The traditional method and the singular perturbation method have been employed

for this cascaded PI controller design. Since the traditional design methodology

is depended on a locally linearized plant model, it cannot ensure the performance

under the global operating conditions. In addition, the linearized model usually is
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very complex so that it is time-consuming task to obtain this model. Therefore,

the nonlinear control approach is preferred to analyze the dynamic performance of

the three phase PWM AC-DC voltage source converter. The singular perturbation

method has been proposed to develop the cascaded rotating d-q dual frame control

scheme for PWM rectifier. By using this method, two-time-scale motions, namely,

fast motion sub-system and slow motion sub-system, are induced in the closed-loop

system. To ensure the stability conditions imposed on the fast and slow modes,

sufficiently large mode separation rate by selecting the control law parameters,

the closed-loop system can achieve the desired output transient performances and

it is also insensitive to the nonlinearities of the system and the variations in the

parameters.

Also, the experimental test results provided on a 1.6 kVA laboratory based

PWM AC-DC voltage source converter validate the performance of the proposed

cascaded rotating dual frame controller in Chapter 4. By using the proposed dual

rotating d-q frame controller, the even-order harmonic component at the dc link

voltage and the odd-order harmonic in the supply ac line side currents can be

minimized and the supply side power factor can be kept close to unity under the

unbalanced supply operating conditions. Moreover, the experimental test results

validate that the output instantaneous power directly links with the dc link output

voltage. The proposed analysis of the instantaneous power flow of the complete

system in Chapter 2 has also been supported with the experimental test results.

Finally, the experimental results show that the singular perturbation method pro-

vides the improved dynamic response of three phase PWM AC-DC voltage source

converter under unbalanced supply voltage conditions by properly designing the

time constants for the FMS and SMS of the voltage and current loop.
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Based on the analysis of the distorted supply voltages, the predominant volt-

age harmonics, 5th, 7th and 11th, 13th order harmonics result in the same frequency

on the line side currents, which appear as the 6th, 12th order harmonics in the

rotating synchronous d-q frame. Therefore, current harmonics control is mainly

to eliminate the 6th and 12th order harmonics in the d-q frame line side current.

A plug-in time domain based repetitive controller (TDRC) scheme is developed

and employed to achieve the low THD line side currents of the three phase PWM

AC-DC voltage source converter in Chapter 5. The choice of the repetitive control

parameters such as gain Krc and the phase delay compensator N2 have been made

according to the trade-off between the stability and the fast response. The exper-

imental results verify that the proposed plug-in digital repetitive control scheme

can minimize the harmonics in the ac line side currents while maintaining the dc

link voltage constant.

Since harmonic components in time domain are described as functions of

time, the controller learns and updates the system response of an entire cycle point

by point. While a repetitive controller designed in the frequency domain needs

only to learn and update these two parameters, magnitude and phase. Moreover,

FDRC scheme performs like notch filters and learns the selected harmonic fre-

quencies only, so that it avoids the integral operation for high band frequencies

which are dominated by noise. It is also easier to calculate the appropriate phase

angle compensation for the individual harmonic frequencies where the phase lag

is inevitable from the plant and filters. Hence, FDRC scheme is introduced to

enhance the robustness of the control system in Chapter 6. A plug-in frequency

domain based repetitive current controller (FDRC) scheme, is employed as current

harmonics control scheme by using Fourier series approximation (FSA) method.
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The learning algorithm of FDRC scheme designed in frequency domain gives the

freedom of choosing different learning gains and phase angle delay compensations

individually for each harmonic component, which leads to the improved tracking

performance for the supply side line currents. The experimental results verify that

the ripple at the dc link voltage can be reduced from 2.5% to 0.5% and the THD

of the line side current can be improved from 29.03% to 5.93% with the insertion

of the plug-in frequency domain based repetitive controller in the dual rotating

frame.

In all, the main objectives as laid out in Chapter 1 of this thesis have been

achieved. The findings of this work have been published in international technical

conferences and journals for benefit of the future researchers and users to study

three phase PWM AC-DC voltage source converter under the generalized operating

conditions. A list of the publications from this thesis work is provided.

7.2 Future Works

For three phase PWM AC-DC voltage source converter modelling, the effect of the

unbalanced input impedances has been neglected. In reality, it is difficult to make

three phase input impedances always equal. Hence, the model of three phase PWM

AC-DC voltage source converter should include the effect of the unbalanced input

impedances. Inclusion of the unbalance on the input impedances would require

further work on the converter modelling and voltage and current harmonics control

algorithm. This study would make the application more practical.

Since wind generation has competitive costs, requires short installation time
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and causes low environment impact, the wind power has been chosen as an alterna-

tive resource for distributed generation. As the speed of wind is always changing,

the output voltage and frequency of the wind turbines cannot remain constant.

Generally AC-DC-AC technology is utilized to produce fixed voltage and fixed fre-

quency electricity to the grid. Also, it should to be noted that the DC voltage

is desired to boost to the requested value at low wind speeds. Therefore, three

phase PWM AC-DC voltage source converter is an ideal solution to connect vari-

able speed wind turbines and to provide the constant DC link voltage. Since the

frequency variation may reach 1% [116], the block software phase locked loop would

be crucial to synchronize the phase angle with the positive sequence supply volt-

age fast and accurately. Hence, the design of software phase locked loop should be

improved and the further study would be done on this particular application.

The three phase PWM AC-DC voltage source converter is mostly used for the

front-end converter of the VSI-fed induction motor drives. The nature of induction

motor drives is a nonlinear load, unlike the resistance connected to the end of the

PWM voltage source converter. Hence, the typical VSI-fed induction motor drive

needs be connected with three phase PWM AC-DC voltage source converter and

various dynamic studies would be conducted to demonstrate the effectiveness of

the proposed control scheme.

In the proposed control scheme for three phase PWM AC-DC voltage source

converter, three kinds of sensors, such as dc voltage sensor, ac line side current

sensors and ac line voltage sensors, are applied to obtain the feedback signal. The

possibility to reduce the expensive sensors have been studied especially in the field

of motor drive application [117], but the research on the rectifier applications is
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still limited. Hence, the investigation of sensorless technique using an observer to

replace the input voltage sensors can be considered. This would provide technical

and economical advantages to the system, such as simplification, isolation between

the power circuit and controller, reliability and cost effectiveness.

All the proposed control algorithms have been tested on a rapid-prototyping

system with a high-speed DSP. As it is commercially not feasible to use such an

expensive controller for the actual drive system, investigations are necessary for

commercially viable, cheaper controllers with similar high-performance. This step

is necessary for commercialization of various findings of this thesis work.



Appendix A

Photo of Experimental Setup
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Appendix B

Definition of Symmetrical
Components

B.1 Symmetrical Components in Phasors

Unbalanced three phase voltages of the fundamental frequency can be represented

by a set of three phase voltages with arbitrary amplitude and phase angle for each

phase as shown in the follows.

ea(t) = Ea sin(ωt+ θa
e ) (B.1)

eb(t) = Eb sin(ωt− 120◦ + θb
e) (B.2)

ec(t) = Ec sin(ωt+ 120◦ + θc
e) (B.3)

where Ea, Eb, Ec are the different magnitudes and θa
e , θ

b
e, θ

c
e are the different phase

angles for each phase.

According to symmetrical component theory [87], unbalanced three phase

voltages can be expressed as a sum of three sets of positive sequence, negative
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sequence and zero sequence components, which are shown as,

ea(t) = ep
a + en

a + eo
a (B.4)

= Ep sin(ωt+ θp
e) + En sin(ωt+ θn

e ) + Eo sin(ωt+ θo
e)

eb(t) = ep
b + en

b + eo
b (B.5)

= Ep sin(ωt− 120◦ + θp
e) + En sin(ωt+ 120◦ + θn

e ) + Eo sin(ωt+ θo
e)

ec(t) = ep
c + en

c + eo
c (B.6)

= Ep sin(ωt+ 120◦ + θp
e) + En sin(ωt− 120◦ + θn

e ) + Eo sin(ωt+ θo
e)

where Ep, En, Eo and θp
e , θ

n
e , θo

e are the different amplitudes and phase angles for

the positive, negative and zero sequence components of the three phase system,

respectively.

In order to derive the relationship between a set of unbalanced voltages in

(B.1)-(B.3) and sequential components in (B.4)-(B.6), phase of abc voltages and

sequential components are introduced and defined as the followings.

ēa = Ea∠θ
a
e (B.7)

ēb = Eb∠θ
b
e (B.8)

ēc = Ec∠θ
c
e (B.9)

ēp
a = Ep∠θp

e (B.10)

ēn
a = En∠θn

e (B.11)

ēo
a = Eo∠θo

e (B.12)

In [87], the phasors of symmetrical components ēp
a, ē

n
a , ēo

a are calculated from
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the phasors of three phase supply voltages ēa, ēb, ēc using the relationship shown

in (B.13). 
ēp

a

ēn
a

ēo
a

 =
1

3


1 τ τ 2

1 τ 2 τ

1 1 1



ēa

ēb

ēc

 (B.13)

where the complex phasor τ = e−j120◦ .

B.2 Symmetrical Components in Time Domain

A general asymmetrical three phase voltage (B.1)-(B.3) can be written as the sum

of two complex conjugated terms,

ea(t) = ēae
jωt + ē∗ae

−jωt (B.14)

eb(t) = ēbe
jωt + ē∗be

−jωt (B.15)

ec(t) = ēce
jωt + ē∗ce

−jωt (B.16)

This way to link the signals in the time domain to the corresponding phasors

can be used in the symmetrical components,

ep(t) = ēp
ae

jωt + ēp∗
a e

−jωt (B.17)

en(t) = ēn
ae

jωt + ēn∗
a e

−jωt (B.18)

eo(t) = ēo
ae

jωt + ēo∗
a e

−jωt (B.19)

Replacing the relationship in (B.13), the equations (B.17)-(B.19) can be
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rewritten as,

ep(t) =
1

3
(ēae

jωt + ē∗ae
−jωt) +

1

3

(
αēbe

jωt + (αēeb)
∗e−jωt

)
+

1

3

(
α2ēce

jωt + (α2ēc)
∗e−jωt

)
(B.20)

en(t) =
1

3
(ēae

jωt + ē∗ae
−jωt) +

1

3

(
α2ēbe

jωt + (α2ēb)
∗e−jωt

)
+

1

3

(
αēce

jωt + (αēc)
∗e−jωt

)
(B.21)

eo(t) =
1

3
(ēae

jωt + ē∗ae
−jωt) +

1

3

(
ēbe

jωt + (ēb)
∗e−jωt

)
+

1

3

(
ēce

jωt + (ēc)
∗e−jωt

)
(B.22)

In the equation (B.20), the terms related to phase-b can be derived as,

αēbe
jωt + (αēb)

∗e−jωt = ēbe
jωt−120◦ + ē∗be

−jωt+120◦

= Eb sin(ωt− 120◦ + θb
e − 120◦)

= S120 [eb(t)]

(B.23)

where Sx stands for a x-degree phase-shift operator in the time domain.

Using the same method, the equations (B.20)-(B.22) can be revised as,

ep
a(t) = ea(t) + S120 [eb(t)] + S240 [ec(t)] (B.24)

en
a(t) = ea(t) + S240 [eb(t)] + S120 [ec(t)] (B.25)

eo
a(t) = ea(t) + eb(t) + ec(t) (B.26)



Appendix C

Clark Transformation Matrix and
Park Transformation Matrix

Clark Transformation matrix is used to convert the variables in the three phase

a-b-c frame to the stationary α-beta frame.

Usually, line-to-line voltage is more preferred than a phase voltage to measure.

Clark Transformation matrix for line-to-line voltages instead of phase voltages is

shown as the following. eα

eβ

 =

√
2

3

 1
2

−1
2

−
√

3
2

−
√

3
2

 eab

ebc

 (C.1)

The inverse form becomes, eab

ebc

 =

√
2

3

 3
2

−
√

3
2

−3
2
−

√
3

2

 eα

eβ

 (C.2)

Using the assumption of zero neutral current, i.e., ia + ib + ic = 0, Clark

Transformation matrix for this case is found to be, iα

iβ

 =

√
2

3

 3
2

0
√

3
2

√
3

 ia

ib

 (C.3)
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And the inverse form is, ia

ib

 =

√
2

3

 1 0

−1
2

√
3

2

 iα

iβ

 (C.4)

Park Transformation matrix is used to obtain the variables in the synchronous

rotating d-q frame from the stationary α-beta frame, so that the fixed frequency ω

sinusoidal waveform in the time domain can be expressed as the constant value in

the synchronous rotating d-q frame with the speed ω.

For the unbalanced three phase system, the phasor diagram is described in

Fig. C.1. The phasors in the stationary α-beta frame can be separated into the

positive sequence phasor and the negative sequence phasor. These two phasors can

be converted into the positive and negative synchronous rotating d-q frame using

Park Transformation, respectively, as shown in Fig. C.1.

To get the positive sequence components in the positive synchronous rotating

d-q frame, Park Transformation matrix can be found as, ep
d

ep
q

 =

 cosωt sinωt

− sinωt cosωt

 ep
α

ep
β

 (C.5)

The inverse format is, ep
α

ep
β

 =

 cosωt − sinωt

sinωt cosωt

 ep
d

ep
q

 (C.6)

The negative sequence components in the negative synchronous rotating d-q

frame can be obtained by using Park Transformation matrix shown as, en
d

en
q

 =

 cosωt − sinωt

sinωt cosωt

 en
α

en
β

 (C.7)
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Figure C.1: Phasor diagram of the unbalanced three-phase variables.

The inverse format is, en
α

en
β

 =

 cosωt sinωt

− sinωt cosωt

 en
d

en
q

 (C.8)



Appendix D

Expressions of Average Active
and Reactive Power with
Symmetrical Components

Under balanced operating conditions, the sum of three-phase instantaneous active

powers is constant having the value equal to the sum of average active power of

each phase. However, when the converter operates under unbalanced operating

conditions the sum of three-phase instantaneous active power becomes oscillatory.

Finally, this oscillation of the instantaneous active power in the three-phase con-

verter leads to the harmonic generation at the dc link output and ac input side.

Therefore, it is extremely important to understand the characteristic of the instan-

taneous active power flow under unbalanced operating conditions, particularly in a

synchronous frame because the control law is implemented in a synchronous frame.

In order to find the interpretation of the instantaneous active power in a

synchronous frame, the concept of complex power is introduced, as defined to be

the product of a input voltage space vector and the conjugate of current space
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vector as shown in the equation (D.1).

Sin = Ein
s I

in∗
s (D.1)

Ein
s and I in

s are the complex expressions of the input voltage and the input current

in rotating synchronous d-q frame, by employing Clark Transformation and the

positive and negative sequence Park Transformation,

Ein
s = ejωt(ep

d + jep
q) + e−jωt(en

d + jen
q ) (D.2)

I in
s = ejωt(ipd + jipq) + e−jωt(ind + jinq ) (D.3)

After replacing Ein
s and I in

s , the instantaneous active power is obtained to be

identical to the real part of the complex power in the equation (D.1).

P in = Real{Sin}

= P in
o + P in

s2 sin(2ωt) + P in
c2 cos(2ωt)

= ep
di

p
d + ep

qi
p
q + en

d i
n
d + en

q i
n
q

+(ep
di

n
q − ep

qi
n
d − en

d i
p
q + en

q i
p
d) sin(2ωt)

+(ep
di

n
d + ep

qi
n
q + en

d i
p
d + en

q i
p
q) cos(2ωt) (D.4)

It can be seen from (D.4) that the real part of the complex power consists of

three kinds of terms such as constant term, cos(2ωt) term and sin(2ωt) term. The

constant terms P in
o stands for the actual average power delivered to the dc link

assuming that the power dissipation within a converter is modelled and effectively

added to the values of ac side resistors. It is also noted that the negative sequence

components of both input voltage and current contribute to useful constant terms of

input power independently. The oscillating terms of cos(2ωt) and sin(2ωt) appear

because the existence of the negative sequence, which is made of the product of
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the negative sequence components and the positive sequence components. The

input power is supplied from the unbalanced utility grid, so the resistors or the

inductances have no effect on it.

Similarly, at the terminal of the ac side, the complex power can be defined

as,

Sout = U in
s I

in∗
s (D.5)

where

U in = ejωtUp
dq + e−jωtUn

dq

= ejωt(ep
dq −Ripdq − jωLipdq) + e−jωt(en

dq −Rindq − jωLindq)

In the equation (D.5), all the variables are the expressions in the form of the space

vector.

Replacing and expanding the output power equation (D.5) also yields con-

stant terms P out
o , sin(2ωt) terms P out

s2 and cos(2ωt) terms P out
c2 , as follows.

P out = Real{Sout}

= P out
o + P out

s2 sin(2ωt) + P out
c2 cos(2ωt)

= [(ep
di

p
d + ep

qi
p
q + en

d i
n
d + en

q i
n
q )

−(Rip
2

d +Rip
2

q +Rin
2

d +Rin
2

q )]

+[(ep
di

n
q − ep

qi
n
d − en

d i
p
q + en

q i
p
d)

+(2Ripqi
n
d − 2Ripdi

n
q + 2ωLipqi

n
q + 2ωLipdi

n
d)] sin(2ωt)

+[(ep
di

n
d + ep

qi
n
q + en

d i
p
d + en

q i
p
q)

−(2Ripqi
n
q + 2Ripdi

n
d − 2ωLipqi

n
d + 2ωLipdi

n
q ] cos(2ωt) (D.6)
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Comparing with the equations (D.4) and (D.6), it shows that the constant

terms only is consumed by the resistors, and the terms P out
s2 and P out

c2 are affected

by the inductances and resistors. Since the oscillating components of the output

instantaneous power are the dominating cause to generate harmonics, the instan-

taneous power consumed by inductance should be used to eliminate P out
s2 and P out

c2

by compensating the oscillating terms P in
s2 and P in

c2 .

It is natural to expect that the imaginary part of the complex power represents

the instantaneous reactive power since the real part of the complex power has been

proved to be the instantaneous active power. This argument is true as long as

the three phase system is under balanced operating conditions. When operating

condition becomes unbalanced, the imaginary part of the complex power doesn’t

represent the instantaneous reactive power any more [71]. To solve this problem,

a new kind of complex power based on the quadrature voltage is introduced. T in

referred as a quadrature complex power is defined to be the product of a quadrature

voltage space vector, which is the original voltage phase delayed by 90◦, and the

conjugate of current space vector as shown in the equation (D.7).

T in = E
′in
s I in∗

s (D.7)

where a quadrature voltage space vector E
′in
s is defined as the following.

E
′in
s = −jejωt(ep

d + jep
q) + je−jωt(en

d + jen
q ) (D.8)

Manipulating 90◦ phase-delay corresponds to a 90◦ backward rotation of space

vector in its own rotating synchronous frame. Therefore, the positive sequence

components are rotated 90◦ in a clockwise and the negative sequence components

are rotated in a counter-clockwise.

Substituting E
′in
s (D.8) and I in

s (D.3) into T in (D.7), the real part of the
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quadrature complex power corresponds to the instantaneous reactive power.

Qin = Real{T in}

= Qin
o +Qin

s2 sin(2ωt) +Qin
c2 cos(2ωt)

= −ep
di

p
q + ep

qi
p
d + en

d i
n
q − en

q i
n
d

+(ep
di

n
d + ep

qi
n
q + en

d i
p
d + en

q i
p
q) sin(2ωt)

+(−ep
di

n
q + ep

qi
n
d + en

d i
p
q − en

q i
p
d) cos(2ωt) (D.9)

It can be seen from (D.9) that the real part of the quadrature complex power

T in consists of three kinds of terms such as constant term, cos(2ωt) term and

sin(2ωt) term. The average input reactive power Qin
o exchanged between the util-

ity source and the rectifier determines the input power factor. The oscillatory

components of instantaneous reactive power, which constitute oscillatory compo-

nents of twice input fundamental frequency, supplied from the unbalanced utility

grid.

Similarly, at the terminal of the ac side, the quadrature complex power can

be defined as,

T out = U
′in
s I in∗

s (D.10)

where

U
′in
s = −jejωtUp

dq + je−jωtUn
dq

= −jejωt(ep
dq −Ripdq − jωLipdq) + je−jωt(en

dq −Rindq − jωLindq)

In the equation (D.10), all the variables are the expressions in the form of the space

vector.
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Replacing and expanding the output power equation (D.10) also yields con-

stant terms Qout
o , sin(2ωt) terms Qout

s2 and cos(2ωt) terms Qout
c2 , as follows.

Qout = Real{T out}

= Qout
o +Qout

s2 sin(2ωt) +Qout
c2 cos(2ωt)

= [(−ep
di

p
q + ep

qi
p
d + en

d i
n
q − en

q i
n
d)

−(ωLip
2

d + ωLip
2

q + ωLin
2

d + ωLin
2

q )]

+[(ep
di

n
d + ep

qi
n
q + en

d i
p
d + en

q i
p
q)

−(2Ripqi
n
q + 2Ripdi

n
d + 2ωLipqi

n
d − 2ωLipdi

n
q )] sin(2ωt)

+[(−ep
di

n
q + ep

qi
n
d + en

d i
p
q − en

q i
p
d)

−(2Ripqi
n
d − 2Ripdi

n
q + 2ωLipqi

n
q + 2ωLipdi

n
d)] cos(2ωt) (D.11)

The constant terms, from (D.9) to (D.11) show that the average reactive power

loss is across input ac inductors. For the oscillating terms, it is noted from (D.6)

and (D.11) that each term of Qout
s2 is equal to either positive or negative of the

corresponding term of P out
c2 , while each term of Qout

c2 is equal to either positive or

negative of the corresponding term of P out
s2 . These relationships suggest that the

oscillating components of instantaneous active and reactive power have the same

absolute magnitude. Once the oscillating component of the instantaneous active

power is regulated to zero, then the instantaneous reactive power automatically

becomes constant without any oscillating component of twice input frequency.



Appendix E

Hardware Components for Power
Converter and Drive Module

E.1 Power Converter

SEMITRANS Standard IGBT modules SKM 22GD123D has been adopted as the

three phase IGBT bridge. This IGBT module is suitable for switched mode power

supplies, three phase inverters for AC motor speed control and general power

switching applications. The pulse frequencies can reach above 15 kHz. The maxi-

mum voltage VCES is 1200 V and the maximum collect current IC is 25 A.

E.2 Driver Module

SEMIDRIVER SKHI 71 sevenpack IGBT and MOSFET driver module has been

used as the three phase IGBT bridge drive. The driver module has hybrid com-

ponents which may directly be mounted to the PCB. Devices for driving, voltage

supply, error monitoring and potential separation are integrated in the driver. The
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forward voltage of the IGBT is detected by an integrated short-circuit protection,

which will turn off the module when a certain threshold voltage is exceeded. In

case of short-circuit or too low supply voltage the integrated error memory is set

and an error signal is generated. The driver is connected to a controlled +15V

supply voltage. The input signal level is 0/5V. Additionally a digitally adjustable

interlocking time is generated by the driver, which has to be longer than the turn-

off delay time of the IGBT. The connections in between the driver board and the

IGBT module are made by wires of twisted pairs.



Appendix F

Micro-Cylindrical Ultrasonic
Motor (CUSM) Drive

Cylindrical Ultrasonic Motors (CUSM), is a relatively new kind of piezoelectric

actuators, having different characteristics from that of conventional electromagnetic

motors. In order to choose the most suitable control variable for speed/position

control applications, this research work evaluates the dynamic and steady state

performance of the CUSM drive system by using three different control variables,

namely, the amplitude, the frequency and the phase difference of the excitation

signals. In the single mode control, only one control variable is used while the

other two variables are maintained constant. Among the three variables, amplitude

control is found to be superior as compared to other control variables. Furthermore,

to achieve quick and precise position control, the dual mode control method is

proposed in which two control variables are used simultaneously while maintaining

the third variable constant. Experiment test results obtained by using a 10mm

diameter and 30 mm long CUSM verify that the dual mode control is superior to

the single mode control and Amplitude and Frequency control is the best choice

for position control application.
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F.1 Introduction

The Cylindrical Ultrasonic Motor (CUSM) is a new type of ultrasonic motor

(USM), whose stator is made of a monolithic PZT (Lead Zirconate Titanate) tube.

Like other types of USM, CUSM has many useful features, such as high torque

at low speed, quiet operation, high holding torque, quick response and no EMI

problems as there is no magnetic field generation [119]. Moreover, because of its

cylindrical construction, the size of CUSM can be reduced further, even to less

than one millimeter in diameter.

Since USM has many special features, usually not available in normal electro-

magnetic type of motors, it has drawn particular attentions from the mechatronics

field. Recently, the USMs have been applied for direct drive actuators in articu-

lated robots and accurate position control of machine tools. All of these applica-

tions require quick response and precise position control. So far, there have been

several attempts to control speed/position of ring-type USM refer to Izumi[120],

Senjyu[121], [122], Lin[123]. However, since the motor is driven by ultrasonic vi-

bration of piezoelectric elements, its mathematical model is difficult to obtain,

therefore no accurate model of USM is available as of now. For this reason, it is

difficult to design model based position controller. Alternatively, many position

control schemes based on model free control, such as neural networks [122], and

fuzzy logic [123] have been proposed for ring-type USM.

As one type of rotary USM, CUSM has almost the same operating charac-

teristics as ring-type USM. However, due to the different construction of its stator,

the motion in CUSM is generated by the bending vibration of its stator PZT tube
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[124]. Wang et al. [125] presents the work on speed controller of CUSM, but the

scope is limited to single mode control with amplitude as the control variable only.

In this thesis, single and dual modes control are evaluated in order to find the

control variable to get the best performance for every application.

First, because of CUSM’s unique structure, Section F.2 shows its operating

characteristics and driving circuit. Next, the single mode control with amplitude,

frequency and phase difference as control variables are described in Section F.3. In

this part, by changing one control variable at a time while keeping the other two

variables fixed, the dynamic and steady state performances of CUSM are evaluated

and compared, respectively, for speed regulation and speed tracking application.

In order to achieve quick and precise position control, the dual mode control is

proposed in Section F.4. Similarly, the performance of Amplitude and Frequency

control and Amplitude and Phase difference control are evaluated for position regu-

lation and tracking. Finally, the experimental results are presented and summarized

in Section F.5.

F.2 Structure and Driving Circuit

A CUSM mainly consists of a PZT stator tube, which goes through the center of

the shaft of the motor, as shown in Fig. F.1. One brass cap is fixed at each end of

the PZT tube. As frictional force generation is the key criteria between the stator

and rotor, the spring and nut are screwed onto the rotor to provide the pre-load.

The construction of the motor is almost similar to the one used in [124],

except for the material of the stator tube. Monolithic PZT tube has been used in
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(1) Shaft (2) Rotors (3) Stator caps (4) PZT tube
(5) Washer (6) Spring (7) Nut

Figure F.1: Cross sectional view of CUSM.

our experimental setup instead of a titanium tube [124], in order to produce larger

torque. Fig. F.2 shows the actual CUSM with 10mm diameter and 30 mm long.

All experiments in this thesis are carried out using this CUSM.

Figure F.2: CUSM for experiment.

The principle of CUSM is different from that of general electromagnetic mo-

tors. It is driven by the ultrasonic vibration of the piezoelectric elements on the

stator. When the two sinusoid waveforms are applied to the piezoelectric thin film,

the vibration is generated in the stator. Finally, the stator pushes against the rotor

to start rotation by the frictional force.
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Although the accurate model has not been developed yet, an approximated

relationship between the angular speed of the motor and input voltage signal for

one phase has been reported in [126]. When the phase difference between the two

sinusoidal voltage supply is fixed at 90◦, the relationship can be expressed as:

ωrotor = α
Vrms√√√√[

1−
(
f

f1

)2
]2

+

[
2ζ
f

f1

]2
(F.1)

where ωrotor is the angular speed of the rotor in rad/sec, Vrms is rms value of the

applied sinusoidal voltage in V , α is a constant depending on the inherent properties

of the piezoelectric tube, f is the frequency of the applied sinusoidal voltage in Hz,

f1 is the resonant frequency of the stator tube in Hz and ζ is the damping factor

within the CUSM system. The equation (F.1) shows that the motor speed can

be controlled by the voltage amplitude and frequency of the excited control signal.

Besides that, the speed can also be varied by changing the phase difference between

two sinusoidal phase voltages.

In order to drive the two phase CUSM, two sinusoidal voltage excitation

signals having some specific phase difference should be applied. These two driving

voltage signals are generated by a two-phase full-bridge inverter. As every phase is

based on a single-phase full-bridge series load resonant inverter, the driving circuits

for phase A-A′ is equal to for phase B-B′. Fig. F.3 shows the driving circuits for

phase A-A′ only.

This resonant inverter includes a rectifier and two-phase full bridge-type series

load resonant high frequency inverter. The ultrasonic motor, being a capacitive

load, is connected in series with the two inductors L1 and L2 to form a resonant

tank. The large external capacitor C is used to cancel the amplitude fluctuation in
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Figure F.3: Driving circuit for phase A-A′.

each phase, as the internal capacitance of the CUSM varies with different voltages.

The phase A-A′ becomes part of the resonant circuit, which works as a Low-Pass

Filter (LPF) that filters out high frequency components and noise of the square

voltage signal across P1 and P2. However, because of the effect of the LPF, the

fundamental sinusoidal voltage amplitude is not proportional to the interval of the

switching signal, which decides the duty cycle in the PWM scheme, so we can use

an inverse sine function to make input-output relationship linear [125].

F.3 Single Mode Control

Due to the highly non-linear characteristics of the CUSM, it is difficult to ob-

tain an accurate mathematical model of the motor. Therefore, in order to choose

the most suitable control variable for speed/position control application, a simple

Proportional-Integral-Derivative (PID) controller has been applied. Table F.1 gives

the parameters for the CUSM drive system.

As described in Section F.2, we can adjust the voltage amplitude, driving
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Table F.1: Experimental Parameters of CUSM Drive System

Parameters Value

DC-Link Voltage 12 V

CUSM Resonant Frequency 44.6 kHz

Sampling Frequency 2,000 Hz

Encoder Resolution 5,000 pulses/rev.

frequency and phase difference of two sinusoidal voltage waveforms applied to

the motor terminals to control its speed/position. Fig. F.4 gives the closed-loop

speed/position control scheme to exert the three different strategies.

Figure F.4: Single mode speed/position control scheme.

Fig. F.4 shows a Proportional-Integral (PI) position controller with a PID

speed controller used as the inner loop. The position output of the CUSM is mea-

sured by an incremental rotary encoder and the speed feedback signal is calculated

by numerically differentiating the position readings. Then, the measured position

signal is compared to a setpoint position reference value to generate the speed ref-

erence ωr, as the input to the speed loop. The speed error e is used to compute

the control output u. The digital speed/position controller takes PID discrete-time
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form [118]:

u(k) = u(k − 1) + K

[
e(k)− e(k − 1) + T

TI
e(k)+

TD

T
(e(k)− 2e(k − 1) + e(k − 2))

]
(F.2)

where K is the proportional gain, TI is the integral time constant, TD is the deriva-

tive time constant and T is the sampling period. The parameters K, TI and TD

are determined by trial-and-error method. In our case, K, TI and TD are fixed for

a given reference signal.

For the single mode control, there are three possible strategies, Case I: Am-

plitude Control, Case II: Frequency Control, Case III: Phase Difference Control. In

every strategy, only one variable is changed, while keeping the other two variables

fixed. In Case I, the absolute value of u goes through the inverse sine function

as described in Section F.2 to give the actual duty cycle D. In Case II, accord-

ing to [127], there is hysteresis phenomenon observed at the vicinity of resonant

frequency. Fig.F.5 shows the frequency hysteresis phenomenon of this cylindrical

motor. The solid line denotes the relationship between speed and frequency when

the frequency increase from 41kHz to 49kHz, in contrast, the dash line is obtained

when the frequency is reduced from 49kHz to 41kHz. Therefore, it is better to limit

the command of the motor for frequencies above the resonant frequency fs (44.6

kHz) in order to avoid the aforementioned phenomenon. In Case III, the phase

difference can be varied from −90◦ to 90◦ according to the sinusoidal relationship

between speed and phase difference [119].

Similarly, u can also be used to decide the direction of rotation by controlling

the phase difference φ between the two driving voltage [125]. When u is positive,
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Figure F.5: Frequency hysteresis phenomenon.

φ varies from 0◦ to 90◦, the motor rotates clockwise; when u is negative, φ varies

from −90◦ to 0◦, the motor rotates anti-clockwise. Next, the comparison among

the three strategies for speed regulation and speed tracking will be presented.

F.3.1 Speed Regulation

Fig. F.6 shows the speed response for a step-change in speed command of 10 rad/sec

when the system is operated under closed-loop speed control using the three dif-

ferent control parameters individually. We can see that the actual speed is almost

kept at the reference level. The rise times are about 0.06 seconds and the overshoot

can be kept below 2% for the three cases. The zoomed steady state responses are

also shown in Fig. F.6. Comparing with frequency control, the ripples using ampli-

tude and phase difference control seem relatively smaller. However, it is noted that

there is some obvious steady state error when phase difference control is applied.

When the speed command is varied over a wider range, the response of the

system is different by applying different control inputs. Table F.2 shows that the
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Figure F.6: Speed response at ωr = 10rad/sec by using different parameters (a)
amplitude (b) frequency (c) phase difference.

CUSM’s peak-to-peak speed ripples at different speeds.

From Table F.2, first, we can conclude that using amplitude and phase dif-

ference control, the minimum speed which can be reached is 0.5 rad/sec, but for

the frequency control, the CUSM cannot rotate continuously below 1 rad/sec. Fur-

thermore, the ripple using amplitude control is smaller while comparing with the

response with the other two control parameters, except at very high speeds. How-

ever, when frequency and phase difference control are used at some specific speed,

the ripple is small as well. It is also worth pointing that, even though using ampli-
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Table F.2: Peak-to-peak Speed Ripple

Percentage of Speed Ripples

ωr(rad/sec) Amplitude(%) Frequency(%) Phase

Difference(%)

10 1.10 1.90 1.70

8 1.50 2.50 0.50

4 1.25 1.50 3.75

2 1.50 3.00 5.00

1 2.50 6.00 8.00

0.5 6.00 -- 16.00

tude control, the value of the ripples still increases when the CUSM is operating

at a relatively low or high speed.

From the above analysis of test results, we can conclude that voltage ampli-

tude is the most suitable control variable for the speed control for CUSM under

single mode control.

F.3.2 Speed Tracking

In practice, the reference signal is more likely to change within some range as a

function of time rather than being kept constant. In order to compare the tracking

performance of the three different control strategies, a sinusoidal waveform is given

as reference. We can find that when the controller is tracking a 0.1Hz, peak value

2π sinusoidal speed reference, the speed error is almost same for the amplitude,

frequency and phase difference control. It is basically limited from -1 rad/sec to 1

rad/sec.
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Figure F.7: Tracking speed and error when input is a 0.1 Hz, peak value 4π sinu-
soidal waveform (a) reference and actual speed (b) amplitude controller error (c)
frequency controller error (d) phase difference controller error.

Fig. F.7 gives the speed response and error by controlling each parameter

when a 0.1Hz, peak value 4π sinusoidal speed signal is given as reference. It shows

motor construction causes the difference between forward and reverse rotation per-

formance. We can find that the error still can be limited from -1 rad/sec to 1 rad/sec

when amplitude control is applied. However, for frequency and phase difference

control, the system cannot track the signal very well and the error will become large
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as the reference speed is increased to higher value. Therefore, amplitude control

variable is preferred for the speed tracking application.

In summary, amplitude is the most suitable control variable for speed regu-

lation/tracking application in the single mode control.

F.4 Dual Mode Control

In the light of the high holding torque characteristics and compactness, CUSM is

expected to be used as a position control in industrial application. Therefore, usu-

ally we pay more attention to the accurate position control of the system. However,

it is difficult to realize the quick and precise control if only amplitude control of

applied voltages is used.

Looking at the improved speed control performance with amplitude control

as in Section F.3, we apply this control strategy first. However, driving frequency

and phase difference also can affect the result. For example, in Fig. F.8, we keep

phase difference unchanged at 90◦. We can see that when the driving frequency is

higher than resonant frequency as Fig. F.8 (a), the system has low gain; the speed

is relatively low; the precise position control can be expected, but it has a slow

response. In contrast, Fig. F.8 (b) indicates that when the revolving speed is large

as driving frequency is set at resonant frequency, the system has a high gain; quick

position control can be expected, but it has poor steady state precision. If we keep

frequency constant and change phase difference to adjust the speed, the result is

the same. It is known that high gain helps the system achieve the commanded

position quickly and it requires a low gain for stability purposes. Therefore, it is
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Figure F.8: Position response at difference speed (a) amplitude controller when
frequency is higher than resonant value (b) amplitude controller when frequency is
at resonant value.

necessary for quick and precision control to use dual mode control, Amplitude and

Frequency control or Amplitude and Phase difference control.

Fig. F.9 shows the scheme of the dual mode position control for CUSM. We

still adopt a PI controller in order to simplify the control system. The amplitude

of applied voltage is based on the output of PI controller. Comparing with the

scheme of single mode in Fig. F.4, the comparator is the extra part to decide

driving frequency or phase difference. In the comparator, eth is defined as the

threshold of the control mode, which has responsibility to determine two values of

control mode.

When Amplitude and Frequency control is applied, phase difference is fixed

at +90◦ or −90◦ according to the direction of rotation of the motor. One control



APPENDIX F MICRO-CYLINDRICAL ULTRASONIC MOTOR (CUSM) DRIVE219

Figure F.9: Dual mode speed/position control scheme.

input, amplitude is determined by PI controller output. Since the motor provides

high speed at f = 44.64 kHz, low speed at f = 47.62 kHz shown in Fig. F.5, the

other control input, frequency follows the following rules:

f = 44.64 kHz when e ≥ eth

f = 47.62 kHz when e < eth

(F.3)

When Amplitude and Phase difference control is used, driving frequency is

fixed at around resonant frequency, 44.64 kHz. The amplitude of applied voltage

is decided by the same method. And according to different speed obtained from

different phase angle, the control input D is changed as follows:

|D| = 90◦ when e ≥ eth

|D| = 40◦ when e < eth

(F.4)

where the comparator only decides the absolute value of phase difference, while the

sign depends on which direction of rotation of the motor.

This system enables combining both the quick response at high speed during

the transient period and the precise position control with low speed at steady state.
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F.4.1 Position Regulation

Fig. F.10 gives the performance and input of the control system between Amplitude

and Frequency control. First, the CUSM has the ability to rotate at high speed.

Also, as soon as the position error is less than eth, driving frequency will be adjusted

to reduce the motor speed to make sure accurate position control is achieved. In

this way, the quick and precise position control can be realized.

Figure F.10: Performance and input of dual mode control (a) performance of am-
plitude and frequency control (b) input of amplitude and frequency control.

If the single mode control is applied, if we choose the speed to be high; the

rise time is small but the overshoot is a little larger and the rotor oscillates when

the gain is high, on the other hand, if the speed is chosen to be low and the

rise time increases. However, the dual mode control combines the quick position

control at high speed during transient period and the precise position control at

low speed during steady state. Comparing with amplitude and phase difference

control, amplitude and frequency control has less oscillations. Additionally, the
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speed ripple for phase difference control is larger than that for frequency. In other

words, the dual mode is superior to the single input control and amplitude and

in the dual mode control amplitude and frequency control is the best one in the

position regulation application.

Table F.3 shows the details about the difference between Single Mode Control

and Dual Mode Control.

Table F.3: Comparison Between Single Mode and Dual Mode

Control Tr Over- Ts ess

Mode (Sec) shoot(%) (Sec) (10−4%)

Single A 0.214 3.25 3.037 2.87

mode B 0.525 0.35 0.529 3.19

C 0.631 0.43 0.635 0.96

Dual D 0.225 0.50 0.230 2.23

mode E 0.226 0.53 0.232 2.87

where Tr is the rise time; Ts is the settling time; ess is steady state error; A, B and

C are single mode control; their driving frequency and phase difference are fixed

at 44.64 kHz and 90◦ for A, 47.62 kHz and 90◦ for B and 44.64 kHz and 40◦ for C;

D and E are dual mode control; D is Amplitude and Frequency Control and E is

Amplitude and Phase Difference Control. It is noted that single mode control here

adopts amplitude control.

From Table F.3, it can be seen that if the single input control is applied, when

the CUSM runs at high speed such as in Case A, the rise time is much smaller than

in Case B and C, but the overshoot is a lot larger and the rotor oscillates around the

commanded position, it is not easy to be stabilized, thus, this causes the settling

time to be long. On the contrary, the motor speed is low in Case B and C, so
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the rise time increases but the overshoot decreases. Therefore, if only using single

mode, it cannot achieve the quick and precise position control at the same time.

When the dual mode control is applied like Cases D and E, they seem to

combine the quick position control at high speed and the precise position control

at low speed, so the rising time in Cases D and E is less than the rising time in Cases

B and C; the overshoot is smaller than that in Case A. Furthermore, as they have

quick response and do not oscillate, the settling time is smaller than that of single

mode, such as Case A, B and C. Comparing with Amplitude and Phase Difference

Control, Amplitude and Frequency Control is more stable. Additionally, the speed

ripple for phase difference control is larger than that for frequency according to

Section F.3.2.

In other words, dual mode control is superior to single mode control. More-

over, in dual mode control, Amplitude and Frequency Control gives better perfor-

mance in the position regulation application.

F.4.2 Position Tracking

Fig. F.11 shows the actual position response and error of tracking a 0.1 Hz, peak

value 2π sinusoidal position reference when single mode control (amplitude control)

at different frequency and dual mode control (Amplitude and Frequency Control)

are applied, respectively.

According to Fig. F.11 (a), the output can track the reference position smoothly

by either single mode control or dual mode control. As shown in Fig. F.11 (b),
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Figure F.11: Tracking position and error when input is a 0.1 Hz, peak value 2π
sinusoidal waveform (a) reference and actual position (b) amplitude controller error
when frequency is 44.64 kHz (c) amplitude controller error when frequency is 47.62
kHz (d) amplitude and frequency controller error.

we can know that if using amplitude control at high frequency such as 47.62 kHz,

that is, the maximum speed is low, there is less oscillation in the system, but it

cannot meet high speed requirement. If using amplitude control at low frequency,

44.62 kHz in Fig. F.11 (c), the maximum speed is high, but a lot of oscillation

will happen. Conversely, dual mode control in Fig. F.11 (d) takes the advantage

of Fig. F.11 (b) and Fig. F.11 (c)’s benefits, thus, the system can manage oper-
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ate at high speed and there is not much oscillation with the system. Also, the

peak-to-peak value of the error is slightly reduced.

Figure F.12: Tracking position and error when input is a 0.1 Hz, peak value 2π
sinusoidal waveform (a) reference and actual position (b) amplitude controller error
when phase difference is 40◦ (c) amplitude controller error when phase difference
is 90◦ (d) amplitude and phase difference controller error.

Fig. F.12 gives the actual position response and error of tracking a 0.1 Hz,

peak value 2π sinusoidal position reference when single mode control (amplitude

control) at different phase difference and dual mode control (Amplitude and Phase

Difference Control) are applied, respectively. It suggests that the performance of
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Amplitude and Phase Difference Control is almost same as that of Amplitude and

Frequency Control. When using Amplitude and Phase difference control also can

achieve high speed operation stably. However, since more ripples exist when phase

difference control is applied, it has more oscillations than using Amplitude and

Frequency Control.

From all the discussions, we can conclude that amplitude and frequency con-

trol is the most suitable control method for the position tracking application.

F.5 Summary

To choose the most suitable control variable for servo applications, namely, speed

regulation, speed tracking, position regulation and position tracking, this chapter

evaluates the dynamic and steady state position/speed controller performance of

the CUSM by using single mode and also dual mode control using the three different

control variables. For the single mode control, amplitude control has the best

performance for the four different kinds of applications, specially for speed control

application. In order to achieve the quick and precise position control, the dual

mode control method by using amplitude and frequency control or amplitude and

phase difference control is proposed. From the experimental results, it is observed

that the dual mode control with amplitude and frequency as control variables is

the most suitable strategy for position control of CUSM.
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