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Abstract—Cascaded H-bridge (CHB) inverter has the 
advantages of easy modularization, the low harmonic 
content of output current, and that all power units are 
capable of achieving independent MPPT. However, aging 
or partial shielding of photovoltaic (PV) panels will lead to 
the unbalanced output power of each PV module, which 
will result in the overmodulation of H-bridges (HBs) and 
increased harmonic components of the grid current. In this 
paper, a novel harmonic compensation strategy for 
single-phase CHB inverter is proposed, it can extend the 
linear modulation range of single-phase CHB inverters to 
about 1.27. Moreover, this strategy will not reduce energy 
harvesting, and also can maintain the system to operate in 
the unit power factor. Simulation and experimental results 
all verify the effectiveness of the proposed strategy. 

 
Index Terms—single-phase inverter, cascaded H-bridge, 

overmodulation, power imbalance. 

I. INTRODUCTION 

S the problems of energy shortage and environmental 

pollution have been the focus of the world, developing a 

low-carbon economy and transforming the traditional pattern of 

energy-intensive economic growth are becoming common 

choices for all countries [1]. Due to easy access and conversion, 

solar energy has become the fastest growing renewable energy 

source [2]. 

Multilevel inverters have been attracting worldwide 

attention due to their low switching stress, low filter inductance, 

and high system efficiency [3],[4]. There are many topologies 

of the multilevel inverter, including diode clamped, flying 

capacitor, and cascaded H-bridge [5],[6]. With the same 

number of output levels, CHB has the smallest number of 

devices [7]. In addition, the dc side of each power unit in CHB 

is powered by a PV module independently so that it can 

implement independent MPPT. Therefore, CHB inverter is an 

ideal choice for PV grid-connected power generation system 

[8]-[9]. 

One of the key issues of CHB inverters is the power 

imbalance among HBs. Due to aging, damage or partial 

shielding of PV panels, the output powers of some HBs 

decrease severely, which makes the HBs with higher power 

over-modulation and leads to a distorted grid current [10]-[11]. 

To deal with this issue, several control strategies have been 

proposed. In [12], a modified MPPT (MMPPT) algorithm is 

proposed, which makes PV modules with higher output power 

quit MPPT operation to balance the output powers, but this will 

reduce energy harvesting of the whole system. A hybrid 

modulation strategy (HMS) is presented in [13]-[17]. This 

strategy combines low-frequency square waveform with 

high-frequency PWM waveform to expand the linear 

modulation range of the inverter. It can suppress harmonics of 

grid current very well and extend the linear modulation range to 

about 4/π. However, HMS sorts the differences between dc-link 

measured voltages and corresponding reference voltages in 

ascending order, then makes HBs with higher difference 

discharged and those with lower difference charged according 

to the operating state of system. Compared with SPWM using 

PI controllers to precisely regulate dc-link voltage, HMS will 

aggravate the voltage fluctuation on the dc side, and this will 

reduce the efficiency of MPPT [15],[16]. In [18]-[20], a 

reactive power compensation strategy (RPCS) is proposed, it 

can reduce the THD of grid current without aggravating the 

fluctuation of dc-link voltage, but it will lower the system 

power factor (PF), which limits the application of RPCS.  

A third harmonic compensation strategy (THCS) for 

three-phase CHB inverters is proposed in [21]-[23]. Both of 

them use a harmonic injection method to solve the problem of 

inter-phase power imbalance in three-phase CHB inverters. 

Then, a third harmonic compensation strategy for single-phase 

CHB inverters is presented in [24],[25], which solves the 

shortcomings of the above methods effectively. That is, it does 

not reduce the power generation, and ensures that the system 

can operate with unit power factor and the fluctuation of 

dc-link voltage is also relatively small. However, the maximum 

linear modulation range of THCS is only extended to 1.155, so 

the ability to deal with power imbalance is relatively weaker. 

Based on this point, a novel harmonic compensation strategy 

(HCS) is proposed in this paper. By injecting multiple 

harmonics to the overmodulation HBs, this strategy can 

transform the overmodulation waveform into the quasi-square 
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waveform. At the same time, in order to ensure that the output 

voltage of the inverter does not contain the injected harmonic 

components, the equivalent but inverse harmonics are injected 

to the non-overmodulation HBs. HCS takes advantages of the 

characteristic that the fundamental amplitude of the square 

wave is 4/π, and extends the linear modulation range to about 

1.27. Since HCS and THCS are both harmonic compensation 

methods, HCS can also preserve the advantages of THCS. Both 

simulation and experimental results verify the effectiveness of 

this proposed strategy. 

This paper is organized as follows: the system configuration 

and stability domain are analyzed in Section II. Harmonic 

compensation method and system control strategy are covered 

in Section III. Simulation results are demonstrated in Section 

IV, and experimental results are presented in Sections V. The 

last part is the conclusions in Section VI. 

II. SYSTEM CONFIGURATION AND ANALYSIS 

The schematic diagram of a single-phase CHB PV inverter is 

presented in Fig.1. It consists of n HBs, and the dc side of each 

HB is independently powered by a PV module. The ac side is 

connected to the power grid through an inductor. Each HB is 

able to output three levels of 1, 0, and -1, so its output voltage 

can reach 2n+1 levels. vgrid and igrid are grid voltage and current, 

respectively; Vdci and Ipvi are the dc-link voltage and current of 

the ith (i=1,2,3...n) HB, respectively; vHi is the output voltage of 

the ith HB module. L and Ci represent filter inductor and ith 

module dc-bus capacitor, respectively. 

 
Due to damage or occlusion, the output powers of some PV 

panels may decrease dramatically, and the rest still maintain the 

original output powers, resulting in a decrease in the total 

output power (PT) of CHB inverter. Since the RMS value of 

grid voltage, Vgrid, remains unchanged, the RMS value of grid 

current, Igrid, will decrease. For the CHB inverter, all HBs carry 

the same current (that is igrid), so the output voltage of the 

unshaded cells (whose output power does not decrease) will 

rise, which will lead to an increased modulation waveform 

amplitude and increases the risk of overmodulation. 

For the CHB inverter, the modulation waveform (ki) of the 

ith HB can be expressed as: 

HF

dcV

i

i

i

v
k =                                                                                  (1) 

where vHFi is the fundamental component of vHi. 

According to the topology in the Fig.1, the dynamic 

characteristics of the CHB system can be expressed as: 
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In order to facilitate analysis, the phase theory is used to 

analyze the stability region of the CHB inverter and ac 

variables are expressed in RMS. Ignoring the equivalent 

resistance R, the expression (4) can be rewritten as: 

dc

1 1

V L
n n

i

i i

j
= =

= = +  HF grid gridi iK V V I                                         (5) 

where   is the angular frequency of the grid, Ki is the phasor 

form of ki and VHFi is the phasor form of vHFi, Vgrid and Igrid are 

the phasor forms of vgrid and igrid, respectively. 

As shown in Fig.2, when the inverter is operated in the unit 

power factor state, the phasor diagram can be acquired from (5), 

where the voltage component of inductance L is very small 

compared with the grid voltage so that the angle  can be 

approximated as zero. 

 
The active power output (Pi) of the ith HB can be obtained as 

follows:  

dc dc gridP cos V Vi i i iK I=  =HF grid gridi iV I K I                   (6) 

where Ki is the RMS of ki. 

The power losses of equivalent resistances and switching 

devices can be ignored, so:  

dc grid dc pvP V V Ii i i i iK I= =                                                                    (7) 

From (7), because Ki is the RMS value of ki, the condition of 

not be overmodulation when using SPWM is shown as follows: 

2 1iK                                                                                   (8) 

Based on (7) and (8), the condition of non-overmodulation is 

as follows: 
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Fig.1 Schematic diagram of single-phase CHB PV grid-connected 
inverter. 
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Fig.2. Phasor diagram of CHB PV grid-connected inverter.  
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grid pvi2II                                                                             (9) 

Therefore, if only one HB in the system does not satisfy (9), 

igrid will be distorted due to overmodulation. 

III. MODULATION METHOD AND CONTROL STRATEGY 

From the above analysis, when the output powers of some 

HBs decrease seriously, the cells (HBs) with higher output 

power may suffer from overmodulation. Therefore, it is 

necessary to adopt some methods to deal with this issue. On the 

basis of the methods in [24],[25], a HCS, which extends the 

maximum linear modulation range of HBs to about 1.27, is 

proposed to make the system operate normally under severely 

unbalanced power conditions. 

A. Harmonic compensation strategy 

For the cosine modulation waveform with the amplitude M̂  

greater than one, shown in Fig.3, its expression is as follows: 

ˆ( ) M cosf x x=                                                                         (10) 

 
Define a compensation harmonic hf, which is superimposed 

on f(x) to change it to a quasi-square waveform. The 

modulation waveform after compensation is acquired: 

ˆ( ) ( ) M cosg x f x hf x hf= + = +                                             (11) 

Fig.4 shows the waveform of g(x), and its expression is (12). 
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where φ is the conduction angle of g(x). 

Take the Fourier decomposition of g(x), and the Fourier 

series is: 

( )0
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2
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=

= + +                                (13) 

Since g(x) is an even function, its Fourier series can be 

simplified accordingly: 

0 1 0a b= =                                                                             (14) 

π

1
π

1 4
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π π
a g x xdx 

−
= =                                           (15) 

From (13), (14), (15), the g(x) fundamental component B(x) 

can be acquired: 

( ) 1
ˆcos BcosB x a x x= =                                                      (16) 

4
B̂ sin

π
=                                                                              (17) 

That is to say, for a cosine modulation waveform whose 

amplitude is M̂ , it can be changed to a quasi-square waveform 

with fundamental waveform amplitude is B̂  through injecting 

harmonic hf. 

Based on (10), (16) and (17), making the B̂  is equal to M̂ , 

the conduction angle φ of g(x) can be calculated as: 

π ˆarcsin M
4


 

=  
 

                                                                  (18) 

Therefore, if the conduction angle φ satisfies (18), the 

fundamental component of g(x) is the same as f(x).  

 
Fig.5 illustrates the principle of the proposed HCS. For a 

CHB inverter, if the ith HB is overmodulated, and its 

modulation waveform is the curve W1 in Fig.5 ( M̂ i >1). To 

change the amplitude of W1 not larger than one, the curve W2 

can be acquired from (12) and (18). And the curve W3 is the 

injected harmonic which can be calculated by W2-W1. From the 

above analysis, the fundamental component of W2 is the same 

with W1. W2 is a quasi-square waveform with the amplitude of 

one, and there is no longer the problem of overmodulation. 
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Fig.6. Schematic diagram of the proposed strategy when M̂i  is 4/π. 
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Fig.5. Schematic diagram of the proposed strategy. 
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Fig.4. Waveform of g(x). 
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Fig.3. Waveform of f(x). 
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According to (16) and (17), the max fundamental component 

amplitude (
maxB̂ ) of g(x) can be acquired: 

max

4
B̂ 1.27

π
=                                                                       (19) 

That is, the maximum amplitude of the overmodulation 

waveform that the proposed HCS can deal with is 4/π (about 

1.27). Fig.6 shows the corresponding waveforms of the 

proposed HCS when the amplitude of the overmodulation 

waveform is 4/π. It can be seen that there is no room for the 

square wave to continue to expand. 

B. System control strategy 

In this paper, the control block diagram of single-phase CHB 

inverter is shown in Fig.7. The single-phase CHB inverter is 

composed of n HBs, each HB has a controller for independent 

control, which is mainly responsible for MPPT, dc voltage 

control of each HB and transmitting the output powers to the 

master controller. 

The master controller receives the output powers of all HBs 

and adds them together to obtain the total power PT.  

T M M

1 ˆ ˆP V I
2

=                                                                           (20) 

where, MV̂  and MÎ  are the amplitude of vgrid and igrid, 

respectively. The active power reference current (Id
*) is 

acquired by dividing PT by the half of MV̂ , in which MV̂  and 

phase information (ωt) of vgrid are provided by a phase-locked 

loop (PLL). Because of the single-phase inverter, igrid lacks one 

degree of freedom to achieve the coordinate rotation 

transformation of the ac quantity. Therefore, two orthogonal 

signals iα and iβ need to be obtained by second-order 

generalized integral transformation (SOGI), where iα has the 

same frequency and phase as igrid and iβ lags behind iα 90 

degrees. Since the two orthogonal signals iα, iβ and phase 

information ωt are acquired, the current loop control feedback 

signal Id and Iq are got through Park transformation. Generally, 

the reactive power reference current (Iq
*) is set as zero.  

By PI controllers and relevant calculation, the current loop 

outputs the amplitude (Vr) of the total modulation voltage, and 

the angle (θr) between the total modulation voltage and the grid 

voltage. After obtaining the total modulation voltage, the 

modulation voltage of each HB needs to be further allocated. 

since output currents of all HB are the same, the power ratio of 

each HB is the ratio of their ac-side output voltages: 

1 2 n r

1 2 n T

ˆ ˆ ˆ ˆV V V V

P P P P
= = = =                                                       (21) 

where, V̂i  denote the amplitudes of vHi. From (1) and (21), the 

modulation waveform amplitude ( M̂ i ) of each HB can be 

obtained as follows: 

r r

dc r dc T dc

ˆ ˆV V PV V
M̂

V V V P V

i i i

i

i i i

= = =                                                  (22) 

After obtaining the M̂ i  of each HB, it can be determined 

which HB is overmodulation. If all HBs are not overmodulated, 

the modulation waveforms of each HB are calculated by the 

following formula: 

rM̂ cos( θ )i ik t= +                                                               (23) 

As long as an overmodulation module exists, the HCS 

proposed in this paper will be used to output the modulation 

waveform of each HB. 

According to the HCS flowchart shown in Fig.7, assuming 

that the first to the mth HBs are the overmodulated cells (the 

M̂ i  is not more than 1.27), and the other HBs are not 

overmodulated (1< 1M̂ ~ M̂m <1.27 and 0< 1M̂m+ ~ M̂n <1). For the 

overmodulation HBs, the angle φi  (i=1,2…m) can be calculated 

according to (18) and (22), then the modulation waveforms ki 

(i=1,2…m) can be calculated as follows: 
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Fig.7 Block diagram of system control strategy. 
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From the analysis above, the fundamental waveform 

amplitudes of ki are equal to M̂ i . Therefore, the harmonics hfi 

(i=1,2…m) compensated to the overmodulation HBs are: 

rM̂ cos( θ ) 1,2...i i ihf k t i m= − + =                                    (25) 

Thus, the total compensation harmonic voltage (vhf) of the 

overmodulation HBs is obtained as follows: 

hf dc r dc

1 1

ˆ( V ) [ M cos( θ )]V
m m

i i i i i

i i

v hf k t
= =

=  = − +                  (26) 

In order to make the total output voltage of CHB system not 

contain the injected harmonics, the modulation waveform of 

the normal HBs need to compensate harmonics hoi (i=m+1, …, 

n), whose phase is opposite to hfi.  

Therefore, the harmonic voltage (vho) injected into the 

normal HBs is: 

ho hf r dc

1

ˆ- (M cos( θ ) )V
m

i i i

i

v v t k
=

= = + −                               (27) 

It is worth noting that the amplitude of actual modulation 

waveform of an overmodulation HB will decrease after 

compensating hfi (because it has become a quasi-square 

waveform with the amplitude is one), but that of a normal HB 

will increase after compensating hoi. In order to ensure that the 

normal HBs do not overmodulate due to compensating hoi, it is 

necessary to calculate the maximum compensation harmonic 

voltage vhimax (i=m+1, …, n) allowed by each normal cell. 

h max r dc
ˆ[(1 M )cos( +θ )]V 1, ... ,i i iv t i m n= − = +                  (28) 

Furthermore, the maximum compensation voltage amplitude 

h maxV̂ i  (i=m+1, …, n) of the normal HBs is obtained: 

h max dc
ˆ ˆV (1 M )V 1,...i i i i m n= − = +                                          (29) 

Therefore, the normal HBs can distribute vho according to the 

maximum harmonic compensation voltage amplitude of each 

normal HB can bear, and the compensation harmonic hoi 

(i=m+1, …, n) of each normal HB is as follows: 

ho h max

dc
h max

1

V̂
1,...,

V
V̂

i

i n

i
i

m

v
ho i m n

+

=  = +



                                       (30) 

Finally, the modulation waveforms of the normal HBs are 

obtained as follows: 

rM̂ cos( θ ) 1,...,i i ik t ho i m n= + + = +                                (31) 

It should be noted that in the absence of HB over-modulation 

(0< 1M̂ ~ M̂n <1), all HB modulation waveforms will be 

calculated by (31) according to the flowchart of HCS in Fig.7. 

But the hoi is zero in this case, so the modulation waveforms 

will eventually be generated by (23). 

IV. SIMULATION RESULTS 

To verify the effectiveness of the proposed strategy, a 

single-phase CHB model with five HBs was built in 

MATLAB/Simulink. The PV module parameters are shown in 

Table I, and the inverter and grid parameters are given in Table 

II. In this section, the four strategies of RPCS, HMS, THCS, 

and the proposed HCS are tested under the same conditions. 

The simulation starts with the initial conditions that the solar 

irradiations of five PV panels are set as: S1=S2=S3=1000W/m2, 

S4=900W/m2, S5=750W/m2, and the temperature is set as 25oC 

for each PV panel. The PV module in MATLAB/Simulink can 

generate P-V curves according to different irradiation levels 

automatically, so that the maximum output powers of five PV 

modules are: P1=P2=P3=160W, P4=144W, P5=120W. Setting at 

0.6s, the irradiation levels of PV module 3, PV module 4 and 

PV module 5 decrease to 480W/m2, 450W/m2, and 400W/m2. 

The corresponding powers are P1=P2=160W, P3=77W, P4=72W, 

P5=64W, and shown in Fig.8(a). Due to the higher input power, 

the M̂i
 of the first and second HBs are increase to about 1.2, 

which is demonstrated in Fig.8(b). Fig.8(c) shows the grid 

current (igrid) and grid voltage (vgrid) without additional control 

strategy. Before t=0.6s, the system operates with unity power 

factor, and the performance of igrid is excellent. After t=0.6s, the 

waveform quality of igrid is distorted, and the THD is 28.27%. 

 

 

 
The next simulation with RPCS is carried out under the same 

conditions. The dc-link voltage and its reference of the first HB 

are shown in Fig.9(a), it can be seen that the voltage fluctuation 

does not increase after t=0.6s (The dc-link voltage before and 

TABLE II 
GRID AND INVERTER PARAMETERS 

Symbol Parameter Value 

N Number of H-bridges 5 
Ci DC bus capacitance 13.6mF 

L Filter inductance 2mH 

Vm Grid voltage peak value 130V 
fgrid Grid voltage frequency 50Hz 

fcar Switching frequency 2.5kHz 

 

TABLE I 
SOLAR MODULE PARAMETERS 

Symbol Parameter Value 

Pmax Maximum power 160W 

Voc Open-circuit voltage 41.3V 

Isc Short-circuit voltage 5.14A 
VMPP Voltage at MPP 33.0V 

IMPP Current at MPP 4.85A 
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Fig.8. Simulation waveforms without additional control strategy. 
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after t=0.6s is 0.6V). The grid current and voltage are presented 

in Fig.9(b), after t=0.6s, the inverter can still inject low 

distorted current into the grid (THD=4.36%), but it cannot 

operate in unity power factor. 

 
Fig.10 reveals the simulation waveforms of HMS. After 

t=0.6s, the inverter can still operate in unity power factor, and 

the THD of grid current is only 3.35%. However, the dc-link 

voltage of the first HB fluctuates irregularly and sharply with 

the peak-to-peak value is 1.4V, which is the main drawback of 

HMS. 

 
The simulation results of THCS are presented in Fig.11. 

Because the M̂i  of the first and second HBs exceed 1.155 (the 

maximum linear modulation range of THCS), the modulation 

waveform amplitudes of the first two HBs after injecting third 

harmonic are still larger than one, which is demonstrated in 

Fig.11(a). From Fig.11(b), the peak-to-peak value of the 

dc-link voltage is 0.6V before t=0.6s, and it does not increase 

after t=0.6s. Fig.11(c) is the grid current and voltage, and it can 

be seen that the system is operating in unity power factor before 

and after the power decline. The detailed waveform of igrid is 

shown in Fig.11(d), because the modulation waveforms of the 

first two HBs are still overmodulation, the THD of the grid 

current is still high (THD=8.54%). 

 
Finally, the simulation results of the proposed HCS are 

presented. As shown in Fig.12(a), after harmonic compensation, 

the modulation waveforms of the first two HBs have become 

quasi-square waveforms, and there is no overmodulation 

problem. For the last three HBs, the modulation waveforms 

also change because of injecting opposite harmonics. The 

simulation waveforms of HB1 output voltage (vH1) is shown in 

Fig.13(a), after t=0.6s, the output voltage of HB1 also becomes 

a quasi-square waveform due to the proposed HCS. Fig.13(b) 

reveals the output voltage of HB3 (vH3), and its partial enlarged 

figure is shown in Fig.13(c). Because of injecting opposite 

harmonics, the modulation waveform of HB3 has positive and 

negative mutations at some time, which results in the positive 

and negative changes of vH3 at some time. 

Fig.12(b) reveals the dc-link voltage of the first cell, the 

dc-link voltage fluctuates regularly, and its peak-to-peak value 

is changed from 0.6V to 0.5V after t= 0.6s. From Fig.12(c) and 

Fig12(d), the system operates at unity power factor before and 

after t=0.6s, and the quality of grid current waveform remains 

good. The THD of igrid is 2.35% before t=0.6s, and after t=0.6s, 
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the THD of igrid has increased, but still meets the grid-connected 

requirements (THD=3.28%). 

 

 

V. EXPERIMENTAL RESULTS 

The experimental platform of single-phase CHB PV inverter 

is shown in Fig.14, which is composed of five HBs. Each HB 

has a TMS320F28335 as an independent controller, the master 

controller is a BECKHOFF Industrial PC (CX2040), and every 

controller communicates using EtherCAT real-time 

communication. The control information of the platform can be 

observed and modified in real-time through the upper computer. 

The dc side of the platform uses five PV simulators 

Chroma62020H-150S to power the HBs, and the ac side adjusts 

the voltage amplitude of the power grid to 130V through the 

voltage regulator. Furthermore, the deadtime of each HB is set 

to 1.5us, and the remaining parameters are consistent with the 

simulation, which are given in Table I and Table II. 

 
The conditions for all experiments in this section are the 

same. At the beginning, the irradiation levels of five PV 

simulators are set as: S1=S2=S3=1000W/m2, S4=900W/m2, 

S5=750W/m2 and the environment temperatures are all 25℃. 

Therefore, the input powers of five HBs are: P1=P2=P3≈160W, 

P4≈144W, P5≈120W. Then at some point, S3, S4 and S5 are 

changed to 480W/m2, 450W/m2 and 400W/m2, so the powers of 

the first two HBs are keep P1=P2≈160W and the third, fourth 

and fifth HBs are changed to P3≈77W, P4≈72W, P5≈64W. On 

the basis of Fig.2 and expression (9), the first and second HBs 

will be overmodulated. 

 
In the first experiment, no additional control method is used 

when the power of the system is unbalanced. The output 

waveform of grid current (igrid), grid voltage (vgrid), and inverter 

 Time of the decline of S3, S4, S5 5s/div
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Fig.15 Experiment results of grid current (igrid), grid voltage (vgrid) and 
inverter output voltage (vHT) with no additional control method. 

 
Fig.14 Experimental platform of single-phase CHB PV inverter. 

0.4 0.5 0.6 0.7 0.8 0.9 1.0
t (s)

0
10
20

-20
-10

30
40

-40
-30

0.4 0.5 0.6 0.7 0.8 0.9 1.0
t (s)

0
10
20

-20
-10

30
40

-40
-30

0.82 0.860.84 0.88 0.90 0.92 0.94

0

20

40

-20

-40

v H
1 
(V

)

(a)

v H
3
 (

V
)

(b)

v H
3
 (

V
)

(c)

 Fig.13 Simulation waveforms of vH1 and vH3 with HCS. (a) Simulation 

waveforms of vH1. (b) Simulation waveforms of vH3. (c) The partial 

enlarged figure of vH3. 
  

k 1
 

k 2
 

k 3
 

k 4
 

(a)

k 5

0.4 0.5 0.6 0.7 0.8
t (s)

0

50

100

150

-150

-100

-50

i g
ri

d
 (
A

)
v g

ri
d

 (
V

)

igrid vgrid

(c)

THD=3.28%

0

1.0

-1.0

0.5

-0.5

0

1.0

-1.0

0.5

-0.5

0

1.0

-1.0

0.5

-0.5

0

1.0

-1.0

0.5

-0.5

0

1.0
0.5

-0.5
-1.0

0.4 0.5 0.6 0.7 0.8
t (s)

32.0
32.2
32.4
32.6
32.8
33.0
33.2
33.4
33.6
33.8
34.0

V
d

c1
 (

V
) 

 V
d

c1
*

(V
)

(b)

0.4

Δu 0.6V Δu 0.5VVdc1 Vdc1
*

0.5 0.6 0.7 0.8 0.9
t (s)

0.9 1.0

0.9

0.4 0.5 0.6 0.7 0.8 0.9
t (s)

i g
ri

d
 (
A

)

(d)

0
10
20

-20
-10

THD=2.35%

Fig.12.Simulation waveforms with HCS. (a) Modulation waveforms. (b) 
dc-link voltage and its reference of the first HB. (c) Grid current and 
voltage. (d) Grid current.  

Downloaded from https://iranpaper.ir http://www.master-thesis.ir/Employment
shiraz.barg@gmail.com



0278-0046 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2962461, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

output voltage (vHT) are presented in Fig.15. In the beginning, 

igrid is sinusoidal and in-phase with vgrid, the THD of igrid, which 

can be measured by a FLUKE 434 power quality and energy 

analyzer, is 3.1%. After the decline of S3, S4, and S5, the highly 

distorted current (THD=33.4%) will be injected into grid. 

Fig.16 shows the experiment results of RPCS. After the 

intensity of irradiance decreases, the fluctuation of the dc-link 

voltage is about 1V, and the THD of igrid is 5.2%. However, the 

power factor of the system is not one. 

If the HMS used, the experiment waveforms after the decline 

of the irradiance level are illustrated in Fig.17. The THD of igrid 

is only 4.8%, and the system can operate at unity power factor. 

But the dc-link voltage fluctuates irregularly and sharply with 

the peak-to-peak value is 1.5V. 

 

 

 

 
For THCS, its experimental waveforms are presented in 

Fig.18 and Fig.19. After the decrease of S3, S4 and S5, because 

this power unbalance condition has exceeded the linear 

modulation range of THCS, the modulation waveform 

amplitudes of the first two HBs are still greater than one (as 

shown in Fig.18), which result in the CHB inverter with THCS 

inject a highly distorted current into the grid (THD=8.9% in 

steady-state). The fluctuation of dc-link voltage is 0.9V after 

the power decline (as shown in Fig.19). 

 

 

 
In the final experiment, the proposed HCS is used when the 

power of the system is unbalanced. Fig.20 illustrates the 

modulation waveforms of each HB after the decline of the 

irradiance level. It is observed that harmonics compensates the 

modulation waveforms of HB1 and HB2 into quasi-square 

waveforms with the amplitude of one, and the modulation 

waveforms of HB3, HB4 and, HB5 are superimposed with 

inverse harmonics. The output voltages of HB1 and HB3 when 

HCS is adopted are shown in Fig.21. Fig.21(a) is the 

experiment waveforms of vH1, which corresponds to the 
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Fig.19 Experiment results of grid current (igrid), grid voltage (vgrid) and 
inverter output voltage (vHT) using THCS. 
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Fig.18 Experiment results of modulation waveforms of THCS. 
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Fig.21 Experiment waveforms of vH1 and vH3 with HCS. (a) Experiment 

waveforms of vH1. (b) Experiment waveforms of vH3. 
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Fig.20 Experiment results of modulation waveforms of HCS. 
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Fig.17 Experiment waveforms of HMS. 
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Fig.16 Experiment waveforms of RPCS. 
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simulation results in the Fig.13(a), and Fig.21(b) reveals the 

experimental results of vH3. It can be seen that vH3 also has 

positive and negative mutations. In Fig.22, the remaining 

experiment waveforms of HCS is presented. The sub-figure in 

the lower-left corner shows the detailed waveforms before 

power decline, and the detailed waveforms after power decline 

are shown in the lower-right sub-figure. As could be seen, after 

the decline of S3, S4, and S5, the system still operates at unity 

power factor, and the quality of igrid remains good (THD=4.7%). 

The dc-link voltage fluctuates regularly, and its peak-to-peak 

value is changed from 1V to 0.9V. 

The detailed dynamic transition of HCS is shown in Fig.23 

and Fig.24. Fig.23 is the dynamic transition of igrid from normal 

modulation region to the over-modulation region, and the 

opposite process is presented in Fig.24. From these two 

experiment results, the transition process is relatively gentle. 

 

 

VI. CONCLUSION 

In this paper, a harmonic compensation strategy that allows 

single-phase CHB PV inverters to operate generally under 

power imbalance is proposed. This strategy ensures that the 

CHB inverter can operate at unity power factor and extend its 

linear modulation range to about 1.27. In some cases of severe 

power imbalance, the strategy still maintains the grid current to 

meet the requirements. Both simulation and experiment verify 

the effectiveness of the proposed strategy. 
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