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Abstract

Due to the fast growth of photovoltaic (PV) installations, concerns are rising about the
harmonic distortion generated from PV inverters. A general model modified from the con-
ventional control structure diagram is introduced to analyze the harmonic generation pro-
cess. Causes of the current harmonics are summarized, and its relationship with output
power levels is analyzed. In particular for two-stage inverter, unlike existing models that
assume the direct current (DC)-link voltage is constant, the DC-link voltage ripple is identi-
fied as the source of a series of odd harmonics. The inverter is modeled as a time-varying
system by considering the DC-link voltage ripple. A closed-form solution is derived to
calculate the amplitude of the ripple-caused harmonics. The theoretical derivation and anal-
ysis are verified by both simulation and experimental evaluation.

Keywords: DC-link voltage ripple, harmonics, Matlab/Simulink, PV inverter, single phase

1. Introduction

Among numerous renewable energy sources, solar energy is considered as one of the most

promising resources for large-scale electricity production [1]. In several countries including

Australia, an increasing number of photovoltaic (PV) generation systems are connected to the

distribution network as a result of strong government support. The PV market is growing

rapidly (30–40%), and its price is constantly decreasing. Many countries are trying to increase

the penetration of renewable energy.

The power electronics interface is essential for connecting renewable energy sources to the

grid. This interface has two main functions such as extracting the maximum amount of power

from the PV modules [2, 3] and conversion of direct current (DC) power to an appropriate

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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form of alternative current (AC) power for the grid connection. Renewable energy sources such

as solar energy cannot be manipulated in the same way as conventional power sources, so the

operating conditions of PV inverters vary according to the solar insolation [4]. However, utility

standards and manufacturers’ data sheets are only concerned with the full-load condition.

PV systems incorporate power electronic interfaces, which generate a level of harmonics [5],

potentially causing current and voltage distortions. The summations of various higher fre-

quency sinusoidal components are the harmonics of current or voltage waveforms, which are

an integer multiple of the fundamental frequency. These harmonics have a great influence on

the operational efficiency and reliability of the power system, loads, and protective relaying

[6]. Due to the rapid growth of PV installations, attention to harmonic distortion introduced by

PV inverters to the grid is on the rise.

The degree of current total harmonic distortion (THD), as a ratio of the fundamental current

and the real power output of the inverter, vary significantly [7]. At a low power output level,

the current THD becomes higher, especially for generated power below 20% of the rated

power, such as in the morning or evening. Many researchers have reported this phenomenon

and tried to find out the causes. In the control system, the quantization and resolution effects of

the measurement devices have been pointed out as one of the causes [8]. Another explanation

is that the closed-loop current controls, which are intended to minimize the harmonic compo-

nents, stop working at a low power output level [7]. Some researchers have suggested that the

DC-link voltage regulation is highly related to the reference current resolution [9]. However,

the comprehensive and systematic analysis of the generation process of the harmonics in the

PV inverter output current is missing.

The conventional model of current control structure [10] is widely used to design the control

loop and to analyze its stability. However, this model dose not including harmonic informa-

tion, and the model cannot reflect the influence of the control schemes on the resulted har-

monics. Section 2 introduces a general model modified from a conventional control structure

diagram to analyze the harmonic generation process. The “harmonic impedance” concept [10]

is used to quantitatively calculate the harmonic amplitude caused by each source. This is

important because of the growing concern of harmonics generated by these devices and their

effect upon other equipment.

A series of fund odd harmonics cannot be completely explained by the factors usually exam-

ined in such cases. These harmonics are caused by the DC-link voltage ripple, and a time-

varying model is proposed to analyze this phenomenon in Section 4.

In order to analyze and design the PV inverter, the DC-link voltage is assumed as constant in

the traditional model of a PV inverter. However, this is not always the case. The AC instanta-

neous output power exhibits a pulsation at the double-line frequency for single-phase grid-

connected inverters. Under stable insolation conditions, the DC output voltage of the PV

modules is controlled as constant at the maximum power point (MPP). Therefore, the power

pulsation caused by single-phase power generation is converted into the static stored energy

on the decoupling capacitor, and the double-line frequency of voltage ripple can be found at

the DC link [11–13]. By using large electrolytic capacitors, the ripple can be reduced but not
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eliminated. However, the electrolytic parts have far more limited life than the applications [14]

which need to be avoided.

A single-stage inverter is shown in Figure 1(a); an efficient maximum power point tracking

(MPPT) process is realized by a large power decoupling capacitor. Hence, modeling the inverter

can use adaptable constant DC-link voltage assumption in this linear model. However, as two-

stage inverter is shown in Figure 1(b), the power decoupling capacitor is placed at the high-

voltage DC link. In this topology, a larger voltage ripple is allowed to present across a DC link in

order to minimize the decoupling capacitor [15], hence the constant DC-link voltage assumption

is not valid.

The three-phase bridge converter for harmonic transfer is investigated in [16], the voltage

second harmonic on a DC link producing a third harmonic on the AC side can be found.

However, the DC-link voltage also causes output current frequency spectrum for the fifth,

seventh, and a series of odd harmonics [17]. The explanation of this phenomenon cannot be

found in the previous research. Many methods have been proposed to eliminate the current

harmonics caused by the DC-link ripple without analyzing the harmonics generation process.

A specifically designed pulse-width modulation (PWM) control algorithm [18] is proposed to

compensate the DC-link voltage ripple. In [19], a control technique, which allows for 25%

ripple voltage without distorting the output current waveform, has been proposed. The cutoff

frequency of this design is 10 Hz, which could attenuate the voltage ripple in the control loop,

but dynamic performance is decreased in this system. The main purpose of all these works is to

eliminate the effects of the DC-link voltage ripple. However, an understanding of the relation-

ship and the analytical model for qualitative information between the output current har-

monics and DC-link voltage ripple is still missing.

In this chapter, for harmonic analysis studies, a new model of the single-phase full-bridge PV

inverter is proposed by regarding its loading level and the ripple of the DC-side voltage. It is

obtained by adding representation of the DC-link voltage ripple into the conventional linear

model of a grid-connected PV inverter. Thus, it becomes a periodical time-varying model.

This chapter is organized as follows: a general model with harmonic information is introduced

in Section 2. In Section 3, the double-line frequency voltage ripple on the DC link is identified

as the cause of a series of odd harmonics. A time-varying model is proposed to analyze this

phenomenon. Section 4 gives simulation and experimental results, which verify the validity of

the proposed model and solution. Conclusions are given in Section 5.

Figure 1. Block diagram of (a) single-stage inverter and (b) two-stage inverter.
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2. Modeling of the PV inverter for harmonic analysis

In this section, PWM inverter framework with current feedback control for single-phase full-

bridge PV inverter, which is generally used in the commercial products, conventional model of

the current regulation scheme for that kind of inverter, and general inverter model proposed

for the harmonic analysis are presented.

2.1. Single-phase full-bridge PV inverter with current control

An example of PWM inverter framework with current feedback control is shown in Figure 2.

It is the most common structure which used by the commercial products. The inverter is

formed by one output inductor, a DC-link capacitor CDC, and four power switches. The DC-

link voltage VDC presents two different scenarios: one is with voltage ripple and another is

without voltage ripple. The following sections analyze these two different cases separately.

V inv is the full-bridge inverter output voltage and Vg is the grid voltage, Iout is the inverter

output current. A fixed grid voltage has been applied to the grid-connected inverter output

terminals, and the inverter input voltage is controlled to provide MPP tracking. A current

control scheme is used, since only the AC output current can be controlled. A filter has been

used to connect between the inverter and the grid. In this chapter, a single inductor is used to

simplify the analysis. A feedback control with the PI controller is used for the PWM inverter

Figure 2. PWM inverter framework with current-controlled feedback loop.

Power System Harmonics - Analysis, Effects and Mitigation Solutions for Power Quality Improvement54



to control the output current Iout to track a reference output current Iref . A phase-locked loop

(PLL) has been used to obtain the phase angle of Iref from the grid voltage Vg. The amplitude

of the reference current Iref
�

�

�

� can be determined by the voltage control loop according to the

MPPT process. The design of the voltage control loop may vary according to different

inverter topologies. The detailed derivation of Iref
�

�

�

� can be found in [10, 20].

2.2. Conventional model of current regulation scheme

Figure 3 shows the conventional control structure diagram of the current-controlled inverter.

This model can be analyzed by using conventional linear analysis methods. It can help the

designer to tune the controller [21] and investigate the control performance and stability [22].

The closed-loop transfer function is given by

Iout ¼
GPIGPWMGinvGf

1þ GPIGPWMGinvGf
Iref �

Gf

1þ GPIGPWMGinvGf
Vg (1)

where GPI , GPWM, Ginv, and Gf are the transfer functions for the PI controller, PWM, inverter,

and filter, respectively. In this model, only the fundamental waveforms are considered, and

harmonic information is required for the harmonic distortion analysis.

2.3. The general inverter model for the harmonic analysis

Figure 4 shows the generalized model which is derived from the conventional current

control structure diagram for a PWM inverter with harmonic information. The location and

types of harmonic sources, which need to be added, are shown in this figure. The output

current S5 is generated based on a reference current by the full-bridge inverter with current

control, as shown in the first trace. The model of current control scheme, which includes the

harmonics information, is shown in the second trace. Compared with Figure 3, the switch

harmonic source Vswitch harmonics in the PWM section is added to generate a pulse waveform on

top of the sinusoidal signal. This harmonic source contains the characteristic of the PWM,

including the type of PWM method and the switching frequency. The voltage difference

between the grid voltage and the inverter output voltage will cause the changes in the output

current. Therefore, in Figure 4, the grid voltage harmonic source is added at the inverter

Figure 3. Conventional control structure diagram of the current-controlled inverter.
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section. The lowest trace in Figure 4 sketches the waveform of each stage, and the details are

described as follows:

1. S1 is the error between the current reference and the output current of the inverter,

S1 ¼ Iref � Iout ¼ Iref � S5.

2: S2 is the amplitude modulation (AM) ratio, S2 ¼ S1GPI , where the PI controller’s

transfer function is GPI ¼ kp þ ki=s. kp and ki are the proportional and the integral gain.

3: S3 is the gate drive signal. S3 ¼ S2GPWM þ Vswitch harmonics, where GPWM ¼ 1=Cpk and

Cpk is the carrier signal’s peak value.

4: S4 is the output voltage of the inverter V inv, S4 ¼ S3Ginv, where Ginv ¼ VDC. The VDC

can be either a time-varying or a constant signal; these two cases need to be treated

separately.

5: S5 is the output current of the inverter Iout. S5 ¼ S4� Vg

� �

Gf . The grid voltage Vg may

contain the voltage harmonics Vg harmonics:S4� Vg is the voltage difference between the

output filter. The transfer function of the filter is Gf ¼ 1= Lsð Þ, where L is the filter’s

inductance.

The main causes of harmonic in PV inverter can be summarized into several categories: grid

background voltage distortion, switch harmonics (high frequency), DC-link voltage varia-

tion due to MPPT, and some other causes (PLL blocks, etc.). Harmonic distortion for both

cases, with or without voltage ripple on the DC link, can be analyzed by using this general-

ized model.

Figure 4. Model of current-controlled PWM inverter with harmonic information.

Power System Harmonics - Analysis, Effects and Mitigation Solutions for Power Quality Improvement56



3. Current harmonic caused by DC-link voltage ripple

In this section, the current harmonics caused by DC-link voltage ripple has been analyzed. The

model for considering the double-line frequency voltage ripple has been built. The closed-form

solution for the current harmonics has been provided.

Figure 5 shows the model of the inverter based on Figure 4, and the DC-link voltage ripple has

been taken into account. The inverter transfer function Ginv shown in Figure 4 is replaced by the

section under the triangle shading, which is a sinusoidal signal Vrip at double-line frequency on

top of the DC component VDC. Since the voltage ripple is time-varying, the transfer function for

this section cannot be derived. In [23], the authors point out that closed-form solutions cannot be

derived when the harmonic ripple components are not neglected. However, numeric solutions

can be evaluated for any particular operating condition by using this model.

The harmonic characteristics of the output current shown in Figure 5 can be identified by qualita-

tively analyzing the simplified loopmodel. The section under the triangle shading is also known as

the amplitude modulation; the feedback loop with unit delay is shown in Figure 6, where Z�1

denotes the delay of a unit sample period. Compared with Figure 6, in this simplified model,

several linear blocks are left out. Due to the system linearity, the signal frequency characteristics

will remain the same. A similar analysis method, which has been used in sound processing

research [24], is adopted in this chapter to analyze this time-varying system. Two discrete-time

sinusoidal example signals Iref n½ � ¼ cos ωonð Þ and Vrip n½ � ¼ cos 2ωonð Þ are used. The output signal

y n½ � can be illustrated as the result of subtraction between the reference signal cos ωonð Þ and the

delayed output signal y n� 1½ � then timed with the AM section, which is cos 2ωonð Þ þ VDC

y n½ � ¼ cos ωonð Þ � y n� 1½ �½ � cos 2ωonð Þ þ VDC½ �

¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ � � y n� 1½ � cos 2ωonð Þ þ VDC½ �
(2)

For n ≤ 0, ωo is the angular velocity of a signal in the fundamental frequency, VDCis constant, at

the initial condition, y n½ � ¼ 0,. The delay exists at any point in time n, and we need to store

y n� 1½ � so that it can be used in the computation of y n½ �. The y n� 1½ � is

Figure 5. Model of inverter with the DC-link voltage ripple.
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y n� 1½ � ¼ cos ωo n� 1½ �ð Þ � y n� 1� 1½ �½ � cos 2ωo n� 1½ �ð Þ þ VDC½ �

¼ cos ωo n� 1½ �ð Þ cos 2ωo n� 1½ �ð Þ þ VDC½ � � y n� 2½ � cos 2ωo n� 1½ �ð Þ þ VDC½ �
(3)

Substitute Eq. (3) into Eq. (2)

y n½ � ¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ �

� cos ωo n� 1½ �ð Þ cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �

þy n� 2½ � cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �

(4)

This feedback expression can be expanded into an infinite summation of products given by

y n½ � ¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ �

� cos ωo n� 1½ �ð Þ cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �

þ cos ωo n� 2½ �ð Þ cos 2ωo n� 2½ �ð Þ þ VDC½ � cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �

� cos ωo n� 3½ �ð Þ cos 2ωo n� 3½ �ð Þ þ VDC½ � cos 2ωo n� 2½ �ð Þ þ VDC½ � cos 2ωo n� 1½ �ð Þ½

þ VDC� cos 2ωonð Þ þ VDC½ � (5)

A series of odd harmonics is caused by this amplitude modulation in a feedback loop. In

Eq. (5), the first product term is illustrated as an example. According to Euler’s formula, this

term can be expressed as the sum of sinusoids with angular velocity ωo and 3ωo, which is the

fundamental and third harmonics.

y n½ � ¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ � ¼ cos ωonð ÞVDC þ
1

2
cos 3ωonð Þ þ

1

2
cos ωonð Þ (6)

The closed-form solution is derived based on an idea which is similar to the harmonic balance

method for radio frequency (RF) circuit [25]. The harmonic balance method is a frequency

domain method for calculating steady states of a nonlinear circuit.

All the signals in the control loop can be expressed in polar forms by taking a Fourier transform.

The high-order harmonics will be attenuated by the feedback loop, and only the low-order

harmonics will be considered. The low-pass filter (LPF) can be assumed as an ideal filter, which

can eliminate all the harmonics above a certain order. A finite number of equations can be

Figure 6. Amplitude modulation in unit delay feedback.
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obtained by using this assumption, and a partial linearization for the control loop can be

achieved. The amplitude of the feedback signals can be set as variables. After equating like terms

in the equation of the output current and in the preset amplitude of feedback signal, a number of

equations can be obtained. By solving these equations, the closed-form solution for the ampli-

tude of a certain order of harmonic can be derived. Detailed analysis of the simplified model by

using this method in a time domain is given as follows:

The output signal y tð Þ of the simplified model is the difference between the current reference

Iref tð Þ and the feedback signal Ifb tð Þ multiplied by the DC-link voltage

y tð Þ ¼ Iref tð Þ � Ifb tð Þ
� �

Vrip tð Þ þ VDC

� �

(7)

The signals in Figure 6 can be expressed in polar form

Iref tð Þ ¼ Acos ωotð Þ ¼ aejωot þ ae�jωot, a ¼
1

2
A (8)

Vrip tð Þ ¼ Bcos 2ωotð Þ ¼ bej2ωot þ be�j2ωot, b ¼
1

2
B (9)

where A and B are the amplitudes of Iref tð Þ and Vrip tð Þ. In order to simplify the analysis to a

level that is suitable for manual calculation, the feedback signal Ifb tð Þ is assumed to include

only fundamental and third harmonics

Ifb tð Þ ¼ C1 cos ωotð Þ þ C3 cos 3ωotð Þ ¼ c1e
jωot þ c1e

�jωot þ c3e
j3ωot þ c3e

�j3ωot (10)

where C1 and C3 are the assumed variables for the amplitude of the fundamental component

and third harmonics, and c1 ¼ 0:5C1, c3 ¼ 0:5C3. This can be easily extended to any number of

harmonics with the help of computer-aided calculations.

Eq. (11) can be obtained by substituting Eqs. (8)–(10) into Eq. (7). Since theIfb tð Þ is the low-order

part of y tð Þ, the harmonic amplitude equation can be found by equating like terms in Eqs. (10)

and (11)

y tð Þ ¼ VDC þ bð Þ a� c1ð Þ � bc3½ �ejωot þ VDC þ bð Þ a� c1ð Þ � bc3½ �e�jωot

þ b a� c1ð Þ � VDCc3½ �ej3ωot þ b a� c1ð Þ � VDCc3½ �e�j3ωot � bc3e
j5ωot � bc3e

�j5ωot
(11)

c1 ¼ VDC þ bð Þ a� c1ð Þ � bc3

c3 ¼ b a� c1ð Þ � VDCc3

(

(12)

All the parameters are fixed values að , b and VDCÞ for a specific inverter; therefore, the harmonic

amplitude can be obtained by substituting these values. By using the same method, the closed-

form solution for the averaged model in Figure 5with PI controller can be derived. Two integral

sections will be involved into the calculation due to the integrator in the controller and the filter.

This calculation for the practical models becomes significantly complicated, and it is impossible

to calculate manually. Matlab can be utilized as an effective tool to conduct these calculations.
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4. Simulation and experimental results

In this section, the simulation and experiment results are reported. By using Matlab/Simulink,

a single-phase PV inverter is simulated. The switching model simulation provides the most

detailed results including the switch information and all the potential harmonic distortions. By

using the Simulink SimPowerSystems toolbox, the developed model includes both electronic

components and control blocks. The schematic diagram is shown in Figure 7. It is a time-

consuming process. A 0.2-s simulation period takes about 10 min to run on a computer with

average performance (Intel Core 2 Duo CPUs and 4 GB of 800 MHz DDR2 RAM).

The two-stage grid-connected PV system prototype is constructed in the laboratory to verify the

abovementionedanalysis. It includes aboost converter connectedwith the full-bridge inverter as the

second stage. The operating voltage range of the system has been scaled down due to the limitation

in the experimental setup. An AC source with 50 Vrms is used as the grid voltage. The full-bridge

inverter DC-link voltage is 100 V. The capacitor size has been changedwith different capacitance to

create different voltage ripple across the DC link. The experimental setupwith the prototype circuit

is shown in Figure 8, which is the same as in Figure 9, and themain circuit parameters are shown in

Table 1. A dSPACE controller set has been used to control these two stages.

An averaged model has also been built in Simulink. The parameters listed in Table 1 are

substituted into the derived closed-form solution in order to calculate the harmonics. Different

levels of DC-link voltage ripple in simulation and experiment have been created by using

different sizes of capacitors. Only the third-order harmonics from the fast Fourier transform

(FFT) analysis is considered in calculating the THD, in order to simplify the analysis process. In

Figure 7. Simulation schematic model.
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Figure 8. Experimental setup.

Figure 9. Two-stage PV inverter with feedback control.

Parameter Label Value Unit

Switching frequency f sw 20 kHz

Rated output frequency f 50 Hz

Rated output voltage Vg 70 V

DC-link capacitance CDC 770 μF

DC-link voltage VDC 100 V

Inverter-side inductor L1 2.56 mH

Grid-side inductor L2 1.10 mH

Output capacitor Cout 2.2 μF

Damping resistor Rd 1 Ω

Table 1. Specification of the PV inverter.
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Figure 10, the switch model, averaged model, and calculation results agree with one another. It

proves that the closed-form solution can fully represent the switch model for harmonic analy-

sis. Higher-order harmonics also can be analyzed by using the same method.

The same parameters as the simulation have been used in the experiment, and the results are

also plotted in Figure 10. The experimental results show the same trend as the analysis

suggests that the harmonic distortion increases as the DC-link voltage increases.

5. Conclusion

In this chapter, a general model, which is modified from a conventional control structure

diagram, has been introduced to analyze the harmonic generation process caused by single-

phase PV inverter. The causes of the harmonics have been identified. A series of odd harmonics

in the output current on the DC-link capacitor are generated by the double-line frequency

voltage ripple. In this chapter, a nonlinear, time-varying model and its closed-form solution

were provided. The relationship between the amplitude of the harmonics and the DC-link

voltage ripples has been presented. The proposed solutions are proved by both experimental

and simulation results. It is a tool for evaluating the power-quality issues in grid-connected

inverter systems. The designers can also use it to consider the tradeoff between the size of the

DC-link capacitor and the output harmonics in the output current.
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