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Abstract

In radar applications, system performance depends strongly on the dynamic perform-
ance of its power supplies. The operations of the transmitter causes a step-current to
be drawn from its power supply, leading to a transient voltage drop. The voltage must
settle to within pre-specified limits, before the arrival of the echoed pulse signals from
the target, to ensure the correct functionality of the radar receiver; otherwise, some of
these pulses have to be rejected. Rejected pulses reduce the accuracy of the information
of the target, causing system performance’to deteriorate. Tt is therefore vital that radar

power supplies have a very robust dynamic performance to load changes.

Although the transient requirements of a radar power supply are stringently specified,
the precise timing of the load application is known in advance, allowing advance com-
pensation to be made. The anticipated effect of the connection of load can be alleviated
by increasing the pulse width of the converter before the load is applied, by the injection
of a small voltage into the control loop. With a suitable injected voltage, significant im-
provement in transient response is achieved. Based on this principle, Voltage Injection

Control (VIC) is proposed and investigated in this thesis.

In the thesis, the implementation and design considerations of VIC are described. Time-
domain optimisation using HSPICE is proposed to select a suitable injected voltage to
meet the specified transient performance. Both experimental! and simulated results are
presented, demonstrating the robustness of the technique. Utilisation of this technique
in distributed power systems for future phased-array radar systems and in other possible

applications is also discussed.

During the course of this research, HSPICE optimisation has been applied effectively
to design the control loop error amplifier compensation circuit in the time-domain,

overcoming some of the limitations of the traditional frequency-domain approach.
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Chapter 1

Introduction

Switched Mode Power Supplies (SMPS) are widely used as the DC power source
in the majority of modern electronic systems, ranging from modern office equip-
ment (e.g. personal computers, printers, fax machines, etc.) to highly soph-
isticated systems (e.g. radar systems, space shuttle power systems, etc). The
increasing complexity of electronic systems has resulted in ever more demanding
requirements being placed on their power supplies, particularly in terms of power
density, efficiency, electromagnetic compatibility, and output voltage control. The
trend towards lower operating voltage for integrated circuits {e.g. from 5 to 3.3V
in the pentium processor chip) has further increased the burden on power supply

designers.

SMPS employ feedback control to regulate the output voltage, which must be
kept within desired limits throughout the whole operating range to ensure cor-
rect functionality of the load. Tor example, a power supply for the Pentium
processors must be capable of providing output voltage regulation of £5%, re-
gardless of the processor operating conditions in which load current can slew from
a minimum value of less than 1A to a maximum value of about 10A within a few
hundreds nanosecond, during the transition of processor operation from sleep to
fully active modes. Therefore to meet both steady state and transient output
voltage requirements in this application, a control method must be appropriately
selected and well designed. Several output voltage control methods are available,

some of which are reviewed later in this chapter.
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In an airborne radar system, due to the nature of its operation, radar perform-
ance is strongly determined by the dynamic performance of its power supply.
In particular, it is eritical that the radar power supply has a robust perform-
ance against sudden load current changes. The output voltage transient period
must be minimised during the radar operation to prevent deterioration of system
performance. This thesis investigates a new control technique for radar power

supplies to meet this requirement.

This chapter begins by reviewing the basic concept of SMPS and the voltage
control methods currently available. The problems inherent in SMPS in radar
systems, together with the rationale and the objectives of the present research

are then discussed.

1.1 Overview of Switched Mode Power Supplies

Unlike traditional linear power supplies, the DC-to-DC conversion process in
SMPS is achieved using switching techniques in which a solid-state device (bi-
polar transistor, MOSFET or IGBT, etc.) is employed as an electronic switch
operating at high frequency, usually above 20kHz, to convert the DC voltage
from one level to another. Through this high frequency switching technique, the
device conduction losses are minimised and hence much greater efficiency can be
realised, typically 80-90% as opposed to 30-40% for linear units [1]. With high
frequency operation, the size of wound components as well as the overall weight
are significantly reduced. Recent advances in semiconductor technology have res-
ulted in power devices with increased switching speed, high power rating, and a
relatively low cost, such that switched mode power supplies now dominate the

power supply market.

Figure 1.1 shows a simplified block diagram of a typical off-line SMPS. The input
voltage from the AC mains supply is rectified into an unreguiated DC voltage by
a diode bridge rectifier circuit with an output smoothing capacitor. In the DC-to-
DC conversion, the inverter chops the DC voltage at high frequency, producing
an AC voltage across the isolation transformer. The secondary voltage is rectified

and filtered by the L-C low-pass filter to produce a smooth DC output voltage

o
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Figure 1.1: Block diagram of an off-line SMPS

V,. V, is regulated by means of feedback control which adjusts the pulse width

of the switching device in the inverter block.

The following sections are intended to provide a brief background on SMPS, where
only common features such as circuit topologies and operating modes are covered.
More details on system characteristics and operations and other essential features

can be found in most power electronics textbooks [1,2].

1.1.1 Basic PWM DC-to-DC converter circuits

The isolated DC-to-DC conversion stage in figure 1.1 is usually a derivation from
one of the three basic DO-DC converters shown in figure 1.2. The operation of
these circuits is based on the alternate conduction of a transistor and diode within
each switching cycle. In the buck circuit, during the interval when the MOSFET
is on, the diode is reverse biased and the power is transferred from the input to
the load through the inductor. During the interval when the switch is off, the
diode takes over the conduction of the inductor current, transferring some (or all)

of the stored energy in the inductor to the load. The output voltage of the buck

%)

converter ideally depends only on the input voitage and the duty ratio (d = &

and is always lower than the dc input voltage.
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Figure 1.2: Three basic DC-DC converters

The boost and buck-boost converters achieve the DC-to-DC conversion through
a similar principle of inductor energy transfer. As seen in figure 1.2, the output
voltage of the boost converter is always higher than the input voltage, and the
output voltage of the buck-boost converter can be either higher or lower than its

input voltage, but with opposite polarity.

1.1.2 Continuous and discontinuous conduction mode

The converters mentioned above may operate either in the continuous or discon-
tinuous conduction mode. This implies that the current in the filter inductor
either never falls to zero (in the continuous case), or for the last part of the
switching cycle has no current flowing in it (in the discontinuous case). Both

conduction modes are illustrated in figure 1.3.

The conduction mode of a converter is determined by the value of load current,

inductor and switching frequency. For a converter operating in the continuous

4
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iy,
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Figure 1.3: Inductor current waveforms of DC-DC converters operating 1o con-
tinuous, boundary and discontinuous modes

mode, the following expression must be satisfied [3]:

2L fs )
k= _}Ri > Koritical Equation: (1.1)

where R. is the effective load resistance, f, is the switching frequency, and K isica
is a function of duty ratio and is equal to 1 —d, d(1 —d)?, and (1 — d)? for buck,
boost and buck-boost converters respectively. For operation at the boundary
k = Koritical, and k < Keriticar for discontinuous mode operation. From equation
(1.1), the trend towards discontinuous mode can be realised by either decreasing

L or f,, or increasing K.

The advantages of continuous mode of operation over the discontinuous are sum-

marised below:

1. - Lower peak current through the transistor, diode and output capacitor,
for the same average load current. This reduces stress on these devices and

does not require components with high current capability.

2. - Good open loop load regulation.

The disadvantages associated with continuous mode of operation are:
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1. - Slower dynamic response. Due to the continuous flow of the inductor
current, a rapid response to disturbances cannot be accomplished; whereas
in the discontinuous mode the inductor current starts from zero at the

beginning of every cycle, and can accommodate the changes more quickly.

2. - Requires a larger inductor and, thus, occupies more space.

1.2 Output Voltage Control Methods

1.2.1 Standard control methods

The discussion of PWM control schemes in this section is restricted to the control
methods based on constant frequenﬁy operation. Three standard control methods
in this category are voltage-mode control (or direct-duty control), current-mode
control and voltage feedforward control, all of which are analogue-ﬁype control
techniques. The circuits implementing these control methods are available in
Integrated Circuit (IC) chips, which usually incorporate a precision reference
voltage source, an error amplifier, a voltage comparator, and a driver circuit.
The integration of all of these components into a single IC offers the advantages

of compactness, greater reliability, and increased performance.

1.2.1.1 Voltage-mode control

Direct duty control is the simplest method used in SMPS control. Its control
principle is illustrated in figure 1.4(b). The output voltage V, is compared with
a reference voltage V,o; by the error amplifier. By comparing the error signal V,
to the fixed-frequency sawtooth voltage V;, the resulting duty cycle signal is used
to drive the MOSFET to maintain a constant output voltage. Any change n
the output voltage is reflected by an excursion in V.. The length of the transient
period depends on the magnitude of the disturbance and the bandwidth of the
system. UC3524 [4], from Unitrode Corporation, 1s an example of a direct-dufy
control IC chip.
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Figure 1.4: (a) Buck regulator (b) Direct duty control strategy (c) Voltage feed-
forward control strategy

1.2.1.2 Voltage feedforward control

The direct duty control described in the last section has a poor closed-loop tran-
sient response to changes in the input voltage Vi, because the correction mechan-
ism does not take place until the effect has propagated to the output, causing the
output voltage to change. This problem is overcome by voltage feedforward con-
trol [2,5,6]. In this scheme, the input voltage is fed-forward to the control circuit
which possesses a modulation strategy similar to direct duty control, except that
the magnitude of the sawtooth signal is proportional to the input voltage. As
indicated by the dash line in figure 1.4(c), an increasing input voltage is instantly

corrected by decreasing duty ratio, resulting in excellent line regulation.

The voltage feedforward control provides full compensation for line voltage changes
only in buck-type (continuous mode) and flyback (discontinuous mode) regulat-
ors, while it provides just a partial compensation in other types of regulator.
However, the newly proposed voltage feedforward control scheme in [7] in which
the control signal V,, instead of the input voltage, s used to control the magnitude

of sawtooth signal results in excellent line regulation in boost converters.
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1.2.1.8 Current-mode control

Clurrent-mode control is the most common method currently used in SMPS con-
trol. It was first reported in 1978 [8] and ever since has received a sreat deal
of attention. Various analysis methods as well as equivalent circuit models of
current-mode controlled converters [9-12] have been developed to tackle design
issues such as system dynamic characteristics and stability. The current mode

control technique is now mature and well understood.

The operating principle of current-mode control is depicted in figure 1.5(a). The

SEVAVAVAN ©
—=—= l Peak Current Mode Control
1
2 — [ VsoVe ‘
d
- » t
RS . clock
Flip-Flop |~ clock signal l_l ﬂ ,
Error amplifier d
t

Lyl

|
A

Current amplifier

Average Current Mode Controt

I
T ] w

Vref
Error amplifier

]

Figure 1.5: A buck regulator with: (a) Peak current mode control (b} Average
current-mode control

duty cycle is derived by comparing V, to the switch current (or inductor current)

waveform V,. The feedback of switch current forms a second inner current control



Chapter 1 : Introduction

loop in addition to the main voltage control loop. The switch is turned on at
the beginning of each switching period by the clock signal, and turned off when
V, reaches V,. The switch remains off until the beginning of the next switching

cycle when the next clock signal restarts and the process is repeated.

A converter employing current-mode control is known to be unstable above 50%
duty cycle. Some form of compensation is required to extend the stability range:
in practice, this is achieved by adding a stabilising ramp signal to V, or V;
(described further in section 3.4). This slope compensation also prevents sub-

harmonic oscillations {13].

Clurrent-mode control has the following advantages over direct duty control:

1. Current limit - since the switch current is directly controlled by V;, current
limiting to prevent excessive switch current can be easily accomplished by

putting an upper limit on the control voltage V.

2. One pole frequency characteristic - as the inductor current is being
controlled directly, the converter virtually exhibits single-pole frequency
characteristics (a pole due to the inductor is removed), thus simplifying the

control-loop compensation.

3. Inherent voltage feedforward control - a change in the input voltage

is instantly reflected in the inductor current and hence duty ratio.

4. Modular design - parallel connection of identical SMPS modules with
equal current sharing can be achieved by feeding the same control voltage

V. to each module.

1.2.1.4 Average current-mode control

The original thought in the proposal of current-mode control described above
was to transform a converter’s output characteristic into a perfect current source,
where the output current (the average of inductor current) is directly controlled

by the control voltage in the outer voltage loop, resulting in better output voltage

9
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- dynamic performance. Because the conventional current-mode control uses the
peak inductor current feedback instead of its average value, accurate output cur-
rent control will be achieved (or the peak-to-average current error will be less) if
the current-loop gain is sufficiently high. In current-mode control, the current-
loop gain is normally not high enough to correct this error. In addition to this

problem, the peak current-mode control has the following drawbacks [14,15]:

¢ Poor noise immunity. Any noise spike on the peak current waveform can

cause instability.

¢ Slope compensation required.

These limitations are eliminated by the use of average current-mode control as
shown in figure 1.5(b) [15]. In this control scheme; a current amplifier is intro-
duced into the current loop which compares the inductor current to its desired
level (represented by the error voltage), giving the current error signal at its
output. The PWM switching voltage is then derived by comparing the current
error signal with a sawtooth waveform. The incorporation of the current ampli-
fier with appropriate compensation allows a much higher current loop gain to be
realised than is obtained in peak current-mode control. The substantial increase
in the current loop gain makes the inductor current track closely its desired level,
eliminating peak-to-average error problems. Due to this tracking ability, aver-
age current-mode technique is commonly used to shape the line input current in

power factor correction applications.

1.2.2 Modern control methods

In addition to the standard control methods reviewed in the preceding sections,
numerous control strategies have recently been proposed with the common aim to
improve converter performance (both dynamic and steady state), some of which

are examined in this section.

.

10
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1.2.2.1 Function control

Function control [16-18] is a novel control strategy whose control law is synthes-
ised from equations governing the averaged behaviour of the power circuit. The
control law is formulated such that the output voltage is theoretically independ-
ent of both line voltage and load current, accomplishing zero voltage regulation®.

A buck converter with function control is shown in figure 1.6. For robust per-

W
Vo
I o Control Law:
T Y d= V' +k(Veet - Vo) - Kd L
v, 1 — ] - v,
1 i
d
\
lt— Vo
. VL Feedback variables
Function - V.
i
Control circuit  a— I
f— Vit

Figure 1.6: Function control of a buck converter

formance, the control law is implemented employing four feedback variables: the
output voltage (V,), a low-frequency component of inductor voltage (V;), the

input voltage (V;), and the rate of change of output voltage (proportional to I.).

As illustrated in {18], function control exhibits superb dynamic performance to
both line voltage and load current variations. Nevertheless, it is subjected to the

following limitations:

e The control circuit is complicated, requiring a circuit to retrieve a low fre-
quency component of the inductor voltage (V;). Additionally, the control
law for other types of converters, such as boost or buck-boost, would have

a more complicated form which requires more elaborate control circuits.

1Because of the non-ideality of the switching device and circuit components, zero voltage
regulation would never be attained in practice.

11
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e System stability is ensured only when a properly design proportional-derivat
ive (PD) controller is used in the output voltage (V,) loop. Function control
is unstable with both proportional and proportional-integral (PI) control-

lers.

1.2.2.2 One cycle control

One-cycle control [19-21] is a non-linear control technique proposed by Professor
Cuk of California Institute of technology. The technique demonstrated with the
buck converter is shown in figure 1.7, with the operating principle described as

follows.

Mint 1

clock H ﬂ X

Controlier

}

clock signal

Comparator

Figure 1.7: A buck converter with one-cycle control

A constant frequency clock turns on the transistor at the beginning of each switch-
ing period. The voltage across the diode V; is integrated and compared with a
reference voltage V,.;. As soon as the integration result (Vint) reaches Vi.y, the
comparator changes its state, turning off the transistor and, at the same time,
resetting the output voltage of the integrator to zero ready for the operation in

the next switching cycle.

The integration of V; in each switching cycle represents the averaged value of V,
(which is equal to the output voltage) and follows closely the reference voltage

V.es. Therefore, with constant Vi.f, the output voltage is also constant. One

12
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cycle control eliminates the effect of input voltage perturbation within a switch-
ing cycle, but suffers badly from poor load regulation due to no output voltage
feedback. The technique is thus not suitable for power supply regulation, but 1s .

often used in power factor correction applications [22].

1.2.2.3 Digital control

In recent years, there has been much research on digitally controlled switched
mode power supplies [23-26]. The digital controller may be a computer, a mi-
croprocessor or a Digital Signal Processor (DSP), performing control algorithms
which can range from simple direct duty control [23,24] to averaged current mode
control {25]. Using software control, the control strategy can easily be changed
without changes in hardware. The digital controller is also less sensitive to noise
and to changes in environment such as temperature, ageing components, etc. Be-
cause the implementation of digital control is normally far more expensive than
its analogue counterparts, it is only favoured in high performance applications, in
which some auxiliary functions may be necessary and can be easily implemented

with the digital controller, e.g. in a battery charger in satellite systems [26].

The main limitations of digital control are summarised below:

1. Errors are rounded as the digital controller is only capable of processing
data with a finite wordlength. As a result, the variation of duty cycle is

limited to a specific resolution (not continuously variable).

2. It is slower in comparison to the analogue type due to the processor com-

putation time.

1.2.2.4 Artificial neural networks control

Artificial Neural Networks (ANN) are well-known for their learning and self-
organising abilities which allow them to adapt to changes or any uncertainties

that may develop in the system. These attributes are found to be useful in

13
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controlling non-linear systems. A simplified structure of an ANN controller [27)

is shown in figure 1.8. The input and output of the controller are connected

inputlayer :  hiddenlayer output lay.er
ol
E Wo2 -/_ Y
¥ Wo3

Figure 1.8: A simplified ANN controller

through layers of similar processing elements called neurons. Each neuron has
multiple inputs and one output and is connected to other neurons through the
connection weighting. Changing the weighting will alter the behaviour of the
element and hence the behaviour of the whole network. The goal in designing
the controller is to adjust the weightings of the network to result in a desired

input /output relationship. This process is known as training the network.

The application of ANN to control DC-DC converters has been recently reported
in [27-31]. Except [31], all works are solely computer simulations. The on-line
trained nenron ANN boost converter implemented in [31] suffers from a very poor
dynamic performance, as it takes approximately 10 seconds for the controller to
track correctly changes in reference voltage. Additionally, the cost associated
with this implementation is high as it requires a fast, high performance DSP chip
as well as peripheral systems to realise the operation at high switching frequency.
This indicates that at present ANN controllers are not yet suitable for power

supply voltage control applications.

1.2.2.5 Fuzzy logic control

Fuzzy Logic Control (FLC) employs heuristic reasoning based on human experi-

ence of the system to construct the control strategy. Such experience is collected

14
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in the knowledge base (or rule base) in the form of linguistic rules using an if
then conditional statement. Based on the qualitative description of the system
to be controlled, FLC is suitable for controlling a complex and ill-defined sys-
tem without requiring its detailed mathematical model. The major drawback of
FLC is tha.f there are no precise criteria to synthesise the control rules and select

membership functions [32].

In recent years, some researchers have introduced FLC to control DC-DC con-
verters. As with neural networks, the application of FL.C in DC-DC converters is
just in its early phase and most of the work [32-34] is mainly based on computer
simulation. The hardware realisation of fuzzy logic control DC-DC converter has

been recently described in [35,36]. So et. al. [35] use a fast, powerful TMS320C50

Knowledge Base
(Rule Base)

' Decision Making :

DC-DC converter

Figure 1.9: The functional structure of FLC DC-DC converter

DSP chip to implement FLC shown in figure 1.9. With an execution time of 50ns
p‘er single instruction and a converter switching frequency of 100kHz, only 200
single instructions are permitted to complete all essential computation in each
switching cycle. This is just adequate for a primitive algorithm, but not for more
sophisticated control. The computation power of the FLC implementation in [36]
is even more limited as a slower microcontroller is used. Above all, the imple-
mentation of FLC reported in these two papers is complicated and expensive,
yet it does not give a better dynamic performance than conventional analogue

control.
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1.2.3 Brief summary of existing control strategies

In summary, the modern control strategies reviewed in the previous section either
are still in the very early stages of development e.g. fuzzy logic control and
artificial neural networks, or have their usage confined to a very limited number of
applications, e.g. digital control and one-cycle control. At present, voltage-mode
control and in particular current-mode control (described in section 1.2.1) are the

two control methods currently used in almost all commercial power supplies.

Tt is well-known that current-mode control has é, generally superior performance
over its voltage-mode counterpart, and for most applications a well designed
power supply incorporating current-mode control yields satisfactory performance. -
Nevertheless, in some applications, such as in radar systems, system performance
is severely limited by the dynamic response of the power supply to sudden load

changes.

In this project, a new control technique specifically for radar power supplies is
investigated. In order to have a clear understanding of the concept of the proposed
technique, it is useful first to describe the radar system operation and the load

characteristics of the power supply in this application.

1.3 Airborne Radar Systems

1.3.1 Brief operation overview

" The simplified diagram of a radar system consisting of a transmitter/receiver unit,
a power supply unit and a radar processor is shown in figure 1.10{(a). Controlled
by the radar processor, the system operation is primarily based on transmission
of a high power pulse signal (by the transmitter) into space and detection of the
reflected signal from the target (by the receiver) from which information concern-
ing the target’s location, direction and velocity can be derived. The frequency
at which the pulse signal is transmitted is called the pulse repetition frequency

(PRF). The receiver can only accept target echoes during the interpulse period
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Figure 1.10: (a) Simplified block diagram of radar systems (b) Pulse current
drawn during PRF transmission (c) Equivalent circuit of PRF
transmission

i.e. target echoes arriving within the duration of the transmitted pulse will not
be seen. As a result, a range of pulse widths and PRFs are required in different

modes, to ensure that the target is not lost.

The range of frequencies and pulse widths typically used in low, medium and

high PRF operation is listed in Table 1.12. The control technique investigated in

Operation Frequency range Pulse widths

High PRF 80 - 200kHz 150 - 500ns
Medium PRF 10 - 25kHz 1-3us
Low PRF less than 10kHz 5 - d0us

Table 1.1: The range of frequencies and pulse widths in different PRF regimes

this project is aimed to be used in radar systems operating in the medium and

high PRF regimes.

2This information is obtained from Mr. Frank Fisher, the chief engineer of the Power
Conversion Division at GEC-Marconi Ltd., Edinburgh.
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1.3.2 Load characteristics of radar power supplies

The transmission of each RF pulse causes a high-peak pulse current to be drawn
from the power supply. Fortunately, the period of the pulses is very short, a
maximum of 3us in a typical medium PRF system. The resulting voltage drop
during such a short period is negligible and not detrimental to system operation.
On the contrary, the voltage drop due to the averaged current drawn by a series
of these current pulses (typically several thousand pulses per operation) could

affect system operation.

The operation at a different PRF represents a different load condition for a fixed
pulse width to the power supply; the higher the PRF, the more average current
is drawn as shown in figure 1.10(b). This is analogous to having a bank of
loads (figure 1.10(c)) connected across the output of the power supply, where the
selection of load is controlled by the radar processor. With n loads in parallel,

9% _ 1 load conditions (or PRF values) are possible.

Figure 1.11 illustrates how the overall performance of radar systems can be re-

duced by using a power supply with limited dynamic performance. Transmission

Outgoing puises

LI ]

Returning pulses

[ Pre-specified limit

Figure 1.11: Hlustration of how system performance is limited by SMPS dy-
namic performance

at a new PRF at time %o draws an increased averaged current, causing the output
voltage drop. To ensure the correct operation of the receiver, the output voltage
must return to the specified level before the return of the echo pulses time #4

later; otherwise, the first few returning pulses would have to be rejected. The
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more rejected pulses means the less accurate target information. Assuming the
target was 20 miles away from the radar, the output voltage‘settling time of the
power supply should be less than 213pus (time used by the signal travelling to
and returning from the target) in order that no pulses are missed. It is therefore
critical that the radar power supplies have excellent dynamic performance against

the load disturbances.

Conventional current-mode control does not yield satisfactory load transient re-
sponse (as a result many returning pulses have to be abandoned). A new control
technique for radar power supplies which is capable of giving better transient

performance is essential.

1.4 The New Voltage Injection Control (VIC)

Since the radar processor (a computer) knows precisely when the transmission of
the PRF pulse stream will take place, a warning signal (shown by the dash line
in figure 1.10(a)) can be sent in advance to the power supply control circuit to
initiate a compensation mechanism, in an attempt to minimise transient effects
when the load change occurs. The compensation can be achieved by forcing the
output voltage to increase by injecting a small voltage into the power supply’s
control loop (thereby increasing the pulse width of the converter), at some point
before the load application. The proposed technique is therefore named Voltage
Injection Control (VIC).

The principle of VIC illustrated for PWM voltage-mode control is shown in figure
1.12. In figure 1.12(a), after load application, the pulse width of the converter is
increased by the feedback mechanism, in an attempt to bring the output voltage
back to nominal value. With the advanced knowledge of load application, a small
voltage can be injected into the control loop to increase the pulse width of the
converter waiting for the subsequent load application (figure 1.12(b)). When
appropriately performed, VIC will result in a significant improvement in the

output voltage transient response.

VIC is considered as a disturbance feedforward technique in the sense that the
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Figure 1.12: (a) Conventional technique: the PWM pulse widens after load ap-
plication (b) With VIC, the PWM pulse widens by before load
application

compensation mechanism is initiated upon receiving the advance warning signal
of load disturbance from the radar processor. Similar feedforward compensation
techniques based on predictable disturbances to improve plant performance are
also found in industrial processes [37] and data storage systems [38,39]. The VIC

technique will be discussed in detail in Chapter 2.

1.5 Aims of the Research

This research is to investigate the voltage injection control technique. Aims of

the research are as follows:

1. To study the feasibility of VIC. The principle objective of this study 1s to
assess how much improvement in transient response can be achieved with

this technique, compared to that given by standard control methods.

2. To develop a VIC prototype system so that experiments can be conducted
to validate the objective (1).
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3. To establish the VIC design methodology. In order to obtain an improved
transient response, the magnitude and shape of the injection voltage, and
when it should be applied, are parameters that must be appropriately se-
lected. A systematic procedure for computing these parameters is therefore

needed.

4. To exploit the advantages of computer simulation in the design and analysis

of a switching converter with VIC.

This project was carried out with cooperation from GEC-Marconi Avionics®,
Edinburgh. The use of the VIC technique to real radar systems is envisaged by

the company.

1.6 Thesis Structure

The remainder of this thesis is organised into seven chapters:

Chapter 2 - Voltage Injection Control (VIC) Technique - The principle
and implementation of voltage injection control are explained in detail. It is
important that VIC implementation should not affect the pre-defined loop-gain

characteristics and system stability. This issue is also considered in this chapter.

Chapter 3 - Prototype Design and Development - The operation of the
VIC prototype system, consisting of a personal computer (as a radar processor),
a power supply unit, a programmable switched load and a computer based oscil-
loscope, are described. The detailed design and construction of the power supply

and programmable load units is also given in this chapter.

Chapter 4 - Simulation and Modelling - The development of the state-space
averaged model of a buck converter with VIC and its SPICE equivalent circuit
model are explained. Also developed in this chapter is the switched model for
SPICE “brute-force” simulation. Issues concerning SPICE convergence problems

in brute-force simulation and the appropriate remedies are also considered.

3The company is a major radar manufacturer in the UK.
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Chapter 5 - Vi,; Optimisation - In this thesis, optimisation is employed to
perform two tasks: to design a suitable injection voltage (Vin;) for each load
change, and to design the power supply compensation circuit. Each of these

applications is discussed in this chapter.

Chapter 6 - Results - Results of VIC investigation are presented, including

_ those from optimisation design of the power supply compensation circuif.

Chapter 7 - Discussion - This chapter evaluates the advantages and disad-
vantages of VIC. The discussion on simulation and modelling, and optimisation
are given. The use of VIC in a power supply system for a future phased array

radar, and also in other possible applications, is reviewed.

Chapter 8 - Conclusion - The outcomes of the research are summarised and

possible future work suggested.



Chapter 2

Voltage Injection Control (VIC)
Technique

As stated in section 1.5, the objective of this work is to propose and investigate
Voltage Injection Control (VIC), a technique to enhance dynamic response due
to load change of power supplies in radar applications. Using prior knowledge
of the forthcoming load condition, the controller increases the pulse width of the
converter an appropriate number of cycles in advances of the load application,

allowing considerable improvement in system performance to be achieved.

By the definition given in [40], VIC is classified as an open-loop disturbance
feedforward control, illustrated in figure 2.1. In addition to the existing feedback

Bisturbances
Rout Vin
Feedforward path l
X
Qutput
D —® Controller m Power Circuit -
esired Control
nominal ] output
voltage
Feedback path

Figure 2.1: A simplified diagram of a switching converter incorporating disturb-
ance feedforward control

control loop, the feedforward path is provided for a prior warning signal to be
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sent to notify the controller of the arrival of a load disturbance, so that it can
start the appropriate compensation for the anticipated effect of that load. The

VIC prototype realising the system shown in figure 2.1 1s detailed in Chapter 3.

This chapter describes features concerning the operating principles, implementa-

tion, and design considerations of VIC.

2.1 Voltage Injection Control

A buck converter with the proposed VIC control circuit is illustrated in figure 2.2.

An external summing block has been added to the standard voltage-mode control
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o=
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Figure 2.2: Buck converter with the proposed Voltage Injection Control

loop, allowing an externally controlled voltage to be injected into the cantrol loop,
thereby increasing the pulse width of the converter. The injection of the external
voltage into the control loop causes a disturbance in the system, which is used to
compensate for the disturbance caused by a sudden load change. For this reason,

VIC is considered as a disturbance feedforward compensation technique.
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2.1.1 Principle of operation
2.1.1.1 System characteristics under a sudden load change

When a load is applied, in a conventional system (figure 2.2 with Vi,;=0), the
extra current demanded by that additional load is initially drawn from the dis-
charging current of the output capacitor, as current cannot be immediately in-
creased from the input due to the presence of the filter inductor. The output
voltage hence drops below its regulated value, and the error signal, V., as well
as the control signal, V;, will increase (in this case, Ve = V.). V. is compared to
the sawtooth signal at the comparator stage which will consequently widen the

PWM pulse in an attempt to reduce the output voltage error.

After passing through the transient state, the converter eventually settles to a
new steady state and the output voltage is brought back to its regulated value,
as shown in figure 2.3.1 The dynamic response is dictated by the loop gain
bandwidth, and normally a large number of switching cycles is required before

the steady-state is regained.

2.1.1.2 System characteristics under voltage injection (with constant
load) |

When the injected voltage, Vinj, s applied into the control loop, it is added to Ve

so that the input to the comparator, V;, is:
Ve = Ve + Vigj : Equation: (2.1)

A rise in V, increases the pulse width and forces the output voltage to rise. V;
hence decreases, and from equation (2.1), V; also decreases as Vj,; remains con-
stant, resulting in a narrowing of the pulse width of the converter in an attempt

to reduce the output voltage (as now it is increasing above the regulated value).

1 All waveforms presented in this chapter are generated by HSPICE simulating the converter’s
switched model described in chapter 4.
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Figure 2.3: Dynamic response to a 3A load change (switching frequency =
100kHz)

After passing through the transient state, the previous steady state of the con-
verter, before the voltage injection, is reinstalled, as the output voltage is brought
back to its regulated value. V; reverts to its previous steady-state value, but at
the expense of V. being compensated by Vinj, as shown in figure 2.4. The duration

of the transient is again dictated by the loop gain bandwidth.

2.1.1.3 System characteristics under a sudden load change with VIC

If the timing and magnitude of load application is known in advance, this in-
formation can be used to start a compensation mechanism, the voltage injection
(figure 2.4), before that load is applied. By injecting an appropriate value of Vin;
in advance of the load application, significant improvement of transient response
will be obtained. An example of such improvement is shown in figure 2.5, which
is a simulated result of injecting a voltage of 0.1755V, 60us in advance of a 3A

load change. The converter’s switching frequency is 100kHz. Compared with
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figure 2.3, the transient performance has been significantly enhanced.
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Dynamic response to voltage injection (constant load)
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Figure 2.5: Dynamic response to a 3A load change

enhanced by VIC

For a load rejection (opposite to the load application of figure 2.3), similar im-
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provement will be obtained if V;,; 1s removed 60us in advance of the load rejection.
Consequently, the subsequent study and discussion of VIC will be confined only
to the load application case: similar conclusions can easily be drawn for load

rejection by considering it as a mirror image of the application of load.

2.1.2 Control circuit realisation

The summing circuit in figure 2.2 includes summing and inverting amplifiers as

depicted in Figure 2.6. The summing amplifier adds Vin; to V., as in equation

Driving
Signal

Summing Block

Figure 2.6: Circuit Realisation of VIC

(2.1) (Ri=R,), but with an inverted polarity. Thus, it has to be followed by
an inverting amplifier. The injection of Vi,; 1s controlled by a computer which
embraces both timing and amplitude control. This is discussed in more detail in

Chapter 3.

2.1.3 Stability considerations

From the stability point of view, the implementation of VIC should not alter
the pre-determined control-loop characteristics, otherwise it may lead to an un-
predictable instability. However, the inclusion of the voltage injection circuitry
(figure 2.6) into the control loop has the potential to change the converter loop

gain characteristics as shown in figure 2.7. The portion surrounded by the dashed
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Figure 2.7: Closed-loop control block diagram of VIC converter

box is newly introduced into the system block diagram due to the incorporation
of the VIC circuit. The loop gain (T.T,,T,) in figure 2.7 is now adjusted by
the ratio %’1’*. If the control loop has already been well designed, this loop-gain
alteration will alter the converter performance from the expected values, i.e. a
sluggish dynamic response would be obtained if %f was low, whereas the system
would exhibit considerable overshoot and ringing if %’f was high, and if too high,
the system would become unstable. To avoid these effects, a unity gain summing
circuit is used (%f = 1), thus leaving the converter performance dependent solely

on the initial design of the control loop.

2.2 The Injecfed Voitage

The injected voltage (Vinj) is a crucial parameter in determining the resulting
transient response. If Vin; is well-suited to the load change, a stringent transi-
ent specification that cannot be achieved by standard feedback control can be

atteyined with VIC,

Vin; is described by three variables, its amplitude, injecting time, and shape. In

mathematical terms, it is expressed as a function containing these variables:
Vinj = F(Amplitude, Injecting time, Shape) Equation: (2.2)

FEach variable and its implication on the final response is described below.
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2.2.1 Amplitude of the injected voltage

A higher injected voltage amplitude causes a higher maximum voltage rise and
longer transient duration (see figure 2.4). As a result, the amplitude should
increase with the magnitude of load disturbance. However, it must not be so high
such that the resulting V, exceeds the peak of the sawtooth signal, as this would
make the control loop temporarily open (it will be permanent if the magnitude of
Ving vxlfas high enough to force V. to its minimum value). Therefore, the maximum
magnitude of Vin; must be confined to the difference between the peak sawtooth
signal and the steady-state error voltage at minimum load current {Vimin), as

shown in figure 2.8. For example, if the peak of sawtooth signal and the minimum

3.5V f--- /’
1OV

e | L 1.

Figure 2.8: Maximum Viy; is determined from the error voltage at minimum
load current to the peak of sawtooth signal

error voltage are 3.5V and 1V respectively, the maximum Vi,; magnitude should
be less than 2.5V. For a converter to have a good transient response at any
possible load condition, the magnitude of Vin; is usually limited to the resultant
change of V, the converter would experience when it 1s subjected to that load

without VIC.

In this project, Vin; is applied by a computer, the VIC controller, via a D/A con-
verter. The value of Vi,; is stored in the computer memory using 8-bit data format
(see chapter 3). This finite word length sets the resolution of Vinj, therefore, the

amplitude of V,; is a discrete variable.
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2.2.2 Injecting time of the injected voltage

The injecting time is the time interval between the instance of voltage injection

and load application, as shown in figure 2.9. In this section, it is assumed that

Vinj Load application
ulll 2cycles PP

Vinj Icycle

time

I i Duty ratio

-2 i-1 i

Figure 2.9: Illustration of the injecting time definition

load is applied during the ON period of cycle ¢. The pulse width can be increased
one cycle in advance of the load switching by injecting the voltage at the point
indicated by the arrow in the ¢ — 1 cycle, or two cycles in advance by injecting
the voltage at the point indicated by the arrow in the ¢ —2 cycle, and so on.
Therefore, the injecting time expressed in term of a switching cycle is a positive

integer:
ting = 1,2,3, ....cycles Equation: (2.3)

It should be noted that Vi,; can, in fact, be applied anywhere in the region
labelled by A (or B) for two-cycle (one-cycle) advance compensation, while the
eventual result is still the same. Here, the definition of injecting time indicated

by the arrow in figure 2.9 is used.

Although the precéding definition of the injecting time assumes that the load is
applied during the ON period, it also holds true for when load is applied during
the OFF period. However, a slightly discrepancy does exist between the worst
case scenario, when the load is applied at the beginning of the OFF period, and
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the optimistic one, when the load is applied near the end of the ON period. This

discrepancy is examined in detail in section 6.2.4.

The voltage injection is usually not permitted to take place long before the load
application, otherwise the initial output voltage rise will become excessive as

shown in figure 2.10. This rising voltage is named the spike voltage, a transient
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Figure 2.10: High spike voltage due to long injecting time

specification newly introduced by VIC. Despite a higher spike voltage, the long
injecting time is likely to result in a smaller voltage drop after load application.
This demonstrates one of the trade-offs in the process of selecting a suitable Vi,;
for any specific load condition, to meet the transient requirements. A compromise
between these transient specifications has to be reached in the Vi,; design, and

is further discussed in Chapter 5.

2.2.3 Shape of the injected voltage

The two V;n; waveforms shown in figures 2.11 and 2.12 had been conceived in this

project, a ramp and a step. In figure 2.11, V;,,; increases linearly from 0 to the
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required value over the injecting time interval (slope = %) causing the
output voltage to build up at a slower rate than in figure 2.12, hence resulting in
a smaller spike voltage. However, it produces a larger voltage drop after load is

applied.

The step Vin; was selected and used throughout this work as it is easier to generate
and control. It should be noted that the result in figure 2.11 can also be achieved
using a step voltage with a lower magnitude. Therefore, equation (2.2) is now

redefined as a step function of two variables, the amplitude and injecting time:
Vinj = Step — function(amplitude,injecting time) Equation: (2.4)

The problem of selecting an appropfia,te Vin; in order that the desired transient
requirement is met for each load condition 1s associated with the optimisation of
equation (2.4). Before the optimisation is discussed, the mathematical model of
VIC is required and is derived in Chapter 4. The developed model is then used

in Chapter 5 for carrying out the optimisation of Vin;.
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Chapter 3

VIC Prototype Design and

Development

3.1 VIC Experimental Set Up

This chapter details the design and development of a prototype power supply
implementing the concept of VIC described in Chapter 2. The system configura-
tion shown in figure 3.1, whose components include a microcomputer, a switching
load unit, a SMPS unit, and a computer oscilloscope (HS508), is proposed. It
is intended to imitate the operating environment of a power supply in a radar
system (section 1.3), in which the application/rejection of a chosen load in the
switched load unit represents the beginning/ceasing of the transmission of pulses

at a specific PRF.

The microcomputer is employed as a central control unit, controlling both the
switching load unit and the injection of Vin; with appropriate magnitude and
timing for the selected load. The operation of the prototype is best described by
the flowchart of figure 3.2.

Design considerations and the construction of each unit in the prototype are

described in the following sections.
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Figure 3.1: Experimental set up to investigate VIC technique

3.2 Computer

3.2.1 Hardware

The microcomputer used is an 80486, 33MHz Personal Computer (PC). The
interface to the outside world is facilitated by a programmable 1/O card based
on an Intel 8255 chip [41,42]). The card provides three 8-bit ports (A, B, and C)
each of which can be configured to be either an input or output port by a user
programme. The card is plugged into one of the vacant slots available on the
PC motherboard, and obtains poﬁer, control, addressing and data signals from
the computer expansion bus. The outputs from the card (24 I/O lines, 5V and
ground) are connected to a 37-way male D-type connector to facilitate connection

with the outside world.

The computer accesses the interfacing card by its addresses, in which the ad-
dresses of ports A, B, C and a control register are designated to 300h to 303h
respectively, as shown in figure 3.3. These ports are programmed to perform the
intended functions by writing the corresponding 8-bit control word to the control

register. The bit description of the control word can be found in the technical
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Figure 3.2: The prototype operation flowchart

manual in reference [41]

In this work, only ports B and C are used; these are assigned to do the following

functions:

e Port B is an output port to control voltage injection, and is connected to

the D/A converter of the voltage injection circuit.

e Port C is an output port to control the switched load.

3.2.2 Software

As seen in the flowchart in figure 3.2, the communication between the computer
and the interfacing card is a major part of the programme, as both voltage in-

jection control and switched load control require data to be sent from the PC
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Figure 3.3: Simplified diagram of the I /0 inferfacing card

through the card. The assembly language! routines have been written to facilit-
ate this low level I/O interfacing, and is incorporated into the main C programine
written to perform the user interfacing tasks. The compiler used, Borland C4+
4.0 [43], allows ‘assembly code to be compiled separately from the main C code by
the Turbo assembler [44]. The resulting assembly language object code is then
combined with the C language object code into one working programme during

the linking process. The control programme is listed in appendix A.

Brief control programme description

Before the operations in figure 3.2 can begin, the interfacing card must first be

initialised by writing a control word to the control register:

mov dx, 303H
mov al, 80H

out dx, al

This configures ports A, B, and C as output ports.

The following is a brief description of the assembly code which performs the

control algorithm in figure 3.2

IThis is a low-level (or machine-level) programming language and is very powerful for com-
puter hardware control and interfacing.
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Vinj 15 issued through port B by the execution of the following code:

mov dx, 301iH
mov al, 0dH

out dx, al

The injecting time is set by the execution of a time delay loop:

mov c¢x, 100
AA: nop
" nop
loop AA
The value loaded into the register cx is calculated from the following formula

(derived from the execution time of each instruction):

1

ting = 7 (8n + 1) ' Equation: (3.1)
sys

where:

tin; 15 the injection time (in ps),

Ffoys is the clock speed of the computer (in MHz), which is equal to 33MHz
in this case,

n is the number required for the register cx.

After the injecting time, a signal is sent through port C to the switching
load control circuit:

mov dx, 302H

mov al, 50H

out dx, al

The duration of the existence of the switched load is controlled by the

following time delay loop:
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e For load rejection to be controlled in a similar way, Vin; is removed in

advance of the load rejection:

exit: mov
mov
out
mov

DD: nop
nop
loop
mov
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out

dx,
al,
dx,

cx,

DD
dx,
al,

dx,
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0
al

100
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o

al

In radar systems, the computational power of the radar processor is mostly spent

on processing the received signal, and therefore the available computing power

is limited. To incorporate the voltage injection control routine into the radar’

control programme, it is very important that the length of the routine is kept as

short as possible. With the assembly language, the length 