Hindawi

Journal of Electrical and Computer Engineering
Volume 2022, Article ID 1944117, 10 pages
https://doi.org/10.1155/2022/1944117

Research Article

@ Hindawi

A Novel DC-Power Control Method for Cascaded Converter under
DC Voltage-Imbalance Condition

Zhenglong Xia ®,' Qifan Wu®,"' Zongbin Ye ©»,> Dongsheng Yu(,” Langiao Zhu (),

and Wenhao Hu®'

1

ISchool of Electrical Engineering and Automation, Jiangsu Normal University, Xuzhou, Jiangsu 221116, China
2School of Electrical and Power Engineering, China University of Mining and Technology, Xuzhou, Jiangsu 221008, China

Correspondence should be addressed to Zhenglong Xia; 59546461@qq.com

Received 26 October 2021; Revised 18 February 2022; Accepted 5 May 2022; Published 31 May 2022

Academic Editor: Andrea Bonfiglio

Copyright © 2022 Zhenglong Xia et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper proposes an interphase power control algorithm (IPCA) and submodule power control algorithm (SPCA) based on
state transition PWM (ST-PWM) for cascaded H-bridge inverter with unbalanced DC sources. In this method, the correction
value helps control the interphase power distribution and submodule power distribution by directly modifying the duty cycle of
each switching state. In order to achieve linear modulation, an in-depth analysis of ST-PWM is conducted. Combining ST-PWM
and IPCA, balanced AC currents and accurate power control on DC side can be achieved with an unbalanced DC source. The
proposed strategies are simulated using MATLAB/Simulink and tested on a five-level laboratory prototype. Simulation and
experimental results demonstrate the advantage and effectiveness of the proposed algorithm.

1. Introduction

The cascaded H-bridge converter (CHB) has become an
outstanding type of converter circuitry in the medium-
voltage converter field due to its merits, such as low
switching voltage stress, improved output waveform quality,
and modular and extendible structure [1-5]. As a suitable
topology for high power applications, the CHB has been
widely researched and applied both in research and in-
dustries, such as renewable energy systems [6], high-voltage
power AC transmission systems [7], and large-scale pho-
tovoltaic power plants [8].

The CHB suits large photovoltaic power plants by
providing separate DC links to photovoltaic (PV) strings and
has better scalability to reach high power ratings. Therefore,
the cascaded H-bridge converter is particularly attractive for
photovoltaic grid-connected applications [8-11]. However,
when the CHB serves as the interfacing converter for a PV
system, the submodules will generate different power and
DC voltages. This imbalance is mainly caused by nonuni-
form solar irradiances, unequal temperature, or inconsistent
module degradation of different solar panels [11]. Unequal
voltages and output power of DC sources in each submodule

make the output voltage seriously distorted and lead to
unbalanced AC current flowing to the grid, which could
potentially make the whole system disconnected from the
grid [10, 11]. Similar imbalance problems can be found in
electric vehicles (EV) applications and energy storage sys-
tems [12]. In the electric vehicle applications [13, 14], for
instance, the CHBs with batteries powering the vehicles are
not equal and will vary while in use [15]. Because of the
different characteristics of battery packs, unequal DC
voltages become inevitable. This will result in unbalanced
output power in electric vehicle [14]. But, with effective
measures when the fault battery pack is cut off, the entire
system can still work well. It is therefore essential to design
suitable control strategies to tackle power imbalance
problems.

In [16], a power balancing method is introduced to
regulate the actual power transmitted through the dual
active bridge (DAB) parallel modules. With this power
balance control method, the current and power transmitted
through each DAB module can be balanced. In [8], a dis-
tributed maximum power point tracking (MPPT) control
method is proposed to increase the efficiency of PV systems.
Therein, a control scheme with modulation compensation is
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also proposed to acquire a balanced grid current under
power imbalance conditions. In [10, 11], a fundamental
frequency zero-sequence injection (FFZSI), double min-max
(DMM), and double 1/6 third harmonic injection (DTHI)
are proposed to balance the interphase power and grid
current. There are mainly three drawbacks to the above
methods: (1) the trigonometric calculations are complicated,
and this might lead to overflow issues; (2) methods based on
FFZSI might be ineffective when the power generation ratios
are approximately equal; and (3) the relationship between
the linear modulation index and power generation ratio
limitation is unclear, which is important for PV systems
under different modulation indexes. Moreover, these
methods only analyze the adaptability in PV systems under
equal DC sources but do not provide an efficient solution for
CHB systems with unbalanced DC sources.

To solve the power imbalance problem for CHBs with
unbalanced DC sources, in this paper, we propose an in-
terphase power control algorithm (IPCA) and submodule
power control algorithm (SPCA) based on state transition
PWM (ST-PWM), to realize accurate power control for CHB
with unbalanced DC sources. The power generation ratios
per phase can be maintained to their expected value precisely
by modifying the correction value derived from the two
power control algorithms. Balanced AC currents at the AC
side and accurate power control performance on the DC side
are acquired with the proposed algorithms when the CHB
operates under unbalanced DC sources, even under severe
voltage-imbalance conditions.

2. Proposed Modulation Strategy with
Unbalanced DC Sources

2.1. Introduction of the Simplified PWM Strategy under Un-
balanced DC Sources. A typical CHB converter is shown in
Figure 1, where Uy x, (n=1, 2, 3, ...) represents the DC-
source voltage of each submodule. The terminal voltage of
each submodule is Uy, x, in the P state, -Uy. x, in the N
state, and 0V in the O state. Ug._a, Uge p, and Uy ¢ stand
for the total DC-source voltage per phase.

n
Uge_x = Z Ugex, (X =A,B, andC). (1)
1

Udc_ave the average value of Uy, xy, is expressed as (2). rx

in (3) stands for the interphase voltage-imbalance
coefficient.
U +U +U
Udc e = dc_A dc3_B dc _C, (2)
_ Udc _X _
ry = ——— (X = A, B,andC). (3)
Udc _ave

The voltage-second balancing principle defined in [17]
for a three-level NPC converter is still suitable for CHB.
Assuming that the variables (Ugc_xn> Tx,) remain constant
within T, the volt-second product formula can be repre-
sented as follows:
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Figure 1: Circuit of the cascaded H-bridge converter.

u;(,ref ’ Ts = Z SXn ’ Udc _Xn "~ TXn tu,- TS (4)
1

=Udc_X'TX+uz'Ts’

where u} . stands for the three-phase reference volt-
ages, T, is the switching period, u, is the equivalent zero-
sequence voltage, T is the duration time of each phase, and
Tx, 1is the duration time of each submodule.
(Sxn=Sxu1 — Sxuz) is the switching functions of each sub-
module, and Sy,,;=0,1 (i=1,2).

To simplify the calculation process, duty cycle Dy is
adopted instead of the duration time. The voltage-second
balance in (4) can be rewritten as follows:

X 1 - Sgn(u}, U 1
DX :L:D;_ADX _ g ( X_ref) i X_ref —_—AD,
Ts 2 Udc _X x
(5)
DAI DAZ DAn DA
Dy |=|Dy |=---=|Dy |=]|D, | (6)
DC1 DCz DCn Dc

where ADy represents the correction value that is added
to D%. In order to achieve the frequency multiplier effect of
cascade H-bridge, the carrier phase shift technology is
adopted, so the duty cycle of each submodule is the same
before submodule power control, as shown in (6).

It should be noted that the duty cycle of each submodule
is equally distributed before the submodule power control,
and it will be modified during the introduction of the SPCA
to achieve the submodule power control.

2.2. Extending Linear Modulation Range. The maximum
value of modulation index m under unequal DC sources is
reduced due to the distorted hexagon. In fact, it cannot
reach the maximum modulation index when the traditional
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SVPWM method is used, and voltage distortion is not
avoidable. The essence of the problem is that the partial
vector is assigned to the wrong sector because of the sim-
plified PWM strategy. It can be effectively solved by the
proposed method based on state transition [17], to achieve
the linear modulation range extension and the waveform
quality improvement.

Assuming that u} . is defined as (7), where m is the
modulation index. Dy can be acquired by substituting (7)
into (5).

u;(_ref = mUdc _avchos’ (7)

1-Sgn(F,) 1 1
Dy = [%+—chos] ——AD, (8)
x rx

Foos = [cos (0)cos<6 - 2§>cos<9 + 2;) ]T, 9)

1,t>0

. 10
-1,t<0 (10)

Sgn(t) = {

In order to get the linear modulation, Dx should be in the
range of 0 to 1. Thereby, the existence condition of AD can be
expressed by inequality as follows:

1- Sgl’l (Fcos)

1-Sgn(F
rx 5 +mFCOS—rX£AD£rXM+mF

(11)

Thus, the maximum linear modulation index #i,,y
derived in [17] can be expressed by

: A 's Tc
= bl bl ;) 12
Mmax mm(\/?/z V312 \/§/2> (12)

where M1, is decided by the minimum value of rx. In a
comprehensive analysis in [18], the state transition includes
the following two categories:

ifuy ref <Oand Dy > 1,D§( = g -1,
) (13)
ifu;_,gf >0and Dy <0, D; = g +1.
Accordingly, the range of Dy is extended to [-1 1] or [0
2], and the existence condition of AD can be expressed by
inequality as follows:
mF -1y <AD<mF_, +rx. (14)

cos

Through the state transition, the maximum value
Mmax_sTCan be obtained as follows by solving inequality (14).
Obviously, M. st is determined by the medium and
minimum voltage value.

Ty +Ig Ty +1c rB+rC) (15)

V3T N3 T3

The upper and lower limits of AD can be defined as
follows:

Mmax _ST = mm(

Ccos*

3
2
AD, ., oy = maxm cosf—r,,m cos<9 - ?) -7
(16)
2
m cos(@ + —) -7
3
. 2m
AD, . sT = mm(m cosO+r,,m cos<0 - —)
(17)

27
+Ig, M cos(@ + ?> + rc>.

To meet the target of extending the linear modulation,
AD in the whole range should satisfy constraint AD;,
[ADpin — ST ADyax.s7] in all six sectors.

3. Analysis of the Proposed Power
Control Method

When the CHB has assumed the interfacing converter for a
battery system, the submodules will generate unbalanced
output power and DC voltages, which must be considered in
practice. Aiming at the interphase power and submodule
power distribution problem, a power control algorithm
under unbalanced DC sources is proposed here, to achieve
precise interphase and submodule power control and
maintain three-phase output current balance.

3.1. Definition of Control-Period Power and Average Power in
DC Links. Let fiund> fearrierr aNd faample Tepresent the fun-
damental frequency of u} ., the carrier-wave frequency, and
sampling frequency, respectively. For convenience, both the
control period T,opn0 and carrier-wave period are equal to
the sampling period. Assuming that the variables (U x, ix
Dy, and u} ) keep constant within T, n¢o1 the control
period (CP) power py is given in the following equation:

_A_D>_1_Sgn(u;(ref):|’ (18)

_ , 0
Px = Uge_xix - [(DX 5

rx
where iy represents the three-phase current.

If sgn(ix) = sgn(u,.¢)> then px >0, which means that the
DC sources release the power in the controlling period;
otherwise, the DC sources absorb power.

Within T4, the single-phase average DC-power (SPA)
PX can be expressed as follows:

N
PX =ffundZPXj) (19)
j=0

where N refers to the ratios of fontrol/ffund-
The three-phase average DC-power, P,., can thus be
derived as follows:

:(PA+PB+PC)

ave °
3

P (20)

From (20), we know that average DC-power P, is
determined by three-phase reference voltages and AC
currents, not related to AD.



3.2. Computational Principle of SPA Power in DC Links.
The concept of the sliding window is introduced in [19] to
calculate the SPA power. The width of the sliding window is
equal to N. The calculation of SPA power within the previous
N control period has been derived (19). After the sliding
window moves one step, the SPA power can be expressed by

X
PY™™ = P* 4 fruna (Px_in = Px_owt)- 21)

Thus, the SPA power flowing though individual DC
sources can be acquired in each controlling period. As we
can see from (21), P§"™™ is decided by P Px-ino a0d Px_oun
revealing that P{"™™ can be adjusted by AD in the current
controlling period.

3.3. Proposed Unbalanced DC-Power Control Method. The
adjustable DC-power APx within one controlling period is
defined by
. AD
Apx = Uge_xix —— (22)
T'x
Referring to (19), the adjustable DC-power APy within
Tana and the one in the current controlling period is
expressed as follows:

N
APy = fruna ). Apyxj, (23)
=0

AP ;mem = APy + frund (APx _in = APx_out)- (24)

In the generalized unbalanced case, kx in the previous N
controlling period can be rewritten as follows:
P,.— APy

_ Tave
ky =

2 (25)

The following steps outline the proposed active unbal-
anced DC-power control method when kx #k*X. APy, in
the current controlling period should be changed to regulate
the ratios.

3.3.1. Priority Control Phase Selection. The power generation
ratio deviation is defined as Aky = |k* X-kx|. Since the phase
with the largest value of Aky deviates worst, that phase will
be set as the priority control phase. And the direction of AD
will be decided by this one based on

if Ak, = max (Ak,, Akg, Ak¢), AD decided by A,
if Ak = max (Aky,, Akg, Ak), AD decided by B, (26)
if Ak = max (Aky, Akg, Akc), AD decided by C.

3.3.2. Power Generation Ratio Comparison. By comparing
kx with k*X, whether APY™™ is increased or not can be
determined. Furthermore, APy, will be decided based on
(24) as shown in the following equation:
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if ky >k, APS™™ | =Apy |,
{1 x > Kx % 1=2Apx il (27)

if ky <k, APY™ " T=Apy inT.

3.3.3. Identify the Direction of AD in Current Controlling
Period. Since the direction of APy, has been decided by
step 2, the variation direction of AD in the current con-
trolling period is expressed by (28) based on (22). When
substituting (19) and (18) into (24) gives equation (29), the
relationship between kX and AD can be acquired, that is, the
proper value of AD can be chosen to keep the three-phase
power generation ratios under control accurately.

ifsgn (ix)>0,Apx inlADT
ifky >k ,
ix)<0,Apx;,|AD]
ifsgn (ix)>0,Apx in TAD|

(
if sgn (
(28)

(

(

ifky<ky ;
ifsgn (ix)<0,Apyx i, TADT

1-sgn[u” N (kyxP,.—Px+
AD:rX{Dg(— g [ X.ref]_ (X ave X pX.out]}.
2 Uge xix

(29)

3.3.4. Value Identification of AD in Current Controlling
Period. According to the analysis mentioned in sectors A
and B, the range of AD is [AD,,;, ADpay]. So AD is identified
as follows:

if ADTAD = AD,,,.,

(30)
if AD|AD = AD

min>

where the expressions of AD,,,, and AD,;, are different in
different cases in Section 3.

Dy, as derived from the steps above, can be used to
generate the switching signals directly, if it satisfies con-
straint Dx ;, [0 1]. Otherwise, the process of state transition
in (13) is required. So far, the combination of both proposed
algorithms (ST-PWM and IPCA) has been completed.

3.4. Control Flow of the Proposed Submodule Power Control
Algorithm. Due to the series of structures of submodules in
each phase, currents at the AC sides are identical. Con-
ventional methods realize power control through super-
posing voltage components on the module reference voltage.
In fact, submodule power control redistributes the output
power of each module, which is related to the current di-
rection, the switch state, and the duration time of the
submodule. After the interphase power control, the duty
cycle of each submodule defined as Dy, in the following
equation is a determined value:

Dy, =D, - 1- Sglz](Fcos)' (31)

n
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Following the SPCA, the DC-power py, generated by the
submodules within T is expressed as (32). The compen-
sating value ADyy, is introduced to redistribute the duty cycle
of the submodules, and DY, is the value after compensating.

Pxn = Udc_Xnan : [DXn - ADXn]' = Udc_Xnan . Dg(qn (32)

In order to realize accurate individual submodule power
control, the power generation ratios per module I, are
defined as (33), where Px stands for the DC power per phase.
I, must satisfy the equality as follows:

P
Ly, = =22, (33)
Xn PX
M
Py, +---+P
My, =——— X, (34)
P
n=1 X

where Py, represents the DC-power generated by each
module.
Based on (21), Py, can be updated as follows:

Pxn_in = N(P;(n - PXn) + Pxn_out (35)

Submitting (35) into (32) gives equation (36), ADy,, can
be acquired to control the distribution of submodule power:

NI (;(nPX B PXn + an_out)
Udc_Xnan

ADy, = Dy, - (36)

The correction ADy,, should satisfy constraint (37), when
(Dx = ADx(k))in [-1 1].

DY™ -1<ADy, <1+ DY™ (37)

When it is stable in interphase power control, the power
of each phase is constant, that is, P}, = PS4, Therefore, the
sum of ADy,, of each phase is equal to zero. In other words,
the duty cycle correction injected in each module can
achieve submodule power control without influencing the
interphase power control.

§M AD.. = % <Dsum_N(P;(n_PXn)"'PXn_out)_O
Xn — B = U
n=1 " n=1 X Udc_anXn

(38)
Once ADy, reaches its limit, (38) does not work. To

avoid an impact on interphase power control, the correction
of the last module must be obtained as follows:

M-1
ADyy =—- ) ADy, (39)

n=1

Finally, in SVPWM applications, the duty cycle needs to
be converted to duration time as follows:

Ty, =Dy, Ts. (40)

3.5. Loss Calculation and Blocking Voltage Stress. The loss is
mainly determined by the IGBT conduction loss P, + and

5
TABLE 1: Parameter settings for simulation.

Parameter Value
Voltage of battery cells 12V
DC-link capacitor 1,200 uF
Resistive-inductive load 10Q, 4mH
Switching frequency 8kHz
Chain number per phase 2

switching loss P, 1 and the diode conduction loss and
reverse recovery loss.

As to the IGBT, the total loss Py can be written as
follows:

PT = Pcon,T + Psw,T’
; (41)
PCOI‘[,T = VO,TI + rTI .

where v, is the initial saturation voltage drop of IGBT
and r is the conduction resistance of IGBT.

Psw,T = fswEsw,T (I)> (42)

where f, is the switching frequency and E, 1 (I) is the
switching energy of IGBT.

As to the diode, the total loss P can be written as
follows:

PDZPcon,D+P

rec,D>
. (43)
Peowp =vopl +1pl”.

where v, 1, is the initial saturation voltage drop of the diode
and rp, is the conduction resistance of the diode.

Prec,D = fswErec,D (I)> (44)

where f, is the switching frequency and E,. ., (I) is the
reverse recovery energy of the diode.

Blocking stress varies with the DC link voltages across
the power switches. As to the high power converter design,
we should obtain parasitic inductances in each loop in order
to minimize the turn-off voltage spike of the IGBT.

3.6. Stability Analysis. The DC-power control strategy is an
open-loop control. The DC-power references are used as the
command to modify the correction value AD. So there is no
stability problem. The converter is controlled as a grid-
connect converter, and a voltage and current double closed-
loop control are adopted. This may raise stability problems.
The voltage and current regulators used are all PI controllers.
To acquire the stable system, the current inner loop is set into
a typical type I system; then the bandwidth of the outer loop is
tuned lower then inner loop; and it is set into a typical type II
system.

4. Simulation Verification

The simulation model of the inverter is set up to analyze the
relationship between voltage-imbalance coefficients and
modulation index and the relationship between power
generation ratios and modulation index, which can provide a
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TABLE 2: Battery cell settings for simulation and experiment.
DC-source voltage of each submodule
Phase A Phase B Phase C
Udc_an Udc_az Udc_p1 Ude_p2 Ude_ct Udc_c2
48V 24V 48V 60V 48V 96V
10 T T T T T T T T 0.3
8 -
0.25 +
6 - kAmax )
- kp-& kowhen k, =k 4
4 L ¢ When oy =K g i 02 L
5L : L 1 .
<0 e T | E o1s |
-2 kg &',‘(_CW en Ky =Ky max . @
I i 0.1k
-6 + kAmin | 005
-8 | . A Y A
,10 1 1 1 1 1 1 1 1 0 f S
01 02 03 04 05 06 07 08 09 0.1 0.2 0.3
m
m
—ky
A Original Simulation Data
kg
— Fitted Curve
ke

()

(®)

FiGure 2: Control performance of output power generation when r4 =2/3, rg=1rc=4/3, Rx=10Q, and Lx =4 mH: (a) relationship of m

and kjmaxmin and (b) trend of three-phase variance §? with m.

reference for the grid-connected systems. The proposed ST-
PWM strategy is simulated in MATLAB/Simulink to control
a three-phase five-level CHBI. The simulated parameters are
listed in Table 1. And the battery cells are set as in Table 2.

4.1. Control Performance of the Proposed ST-PWM Strategy
with IPCA. To evaluate the performance of a proposed ST-
PWM strategy with IPCA, the simulation is carried out with
the battery cells settings in Table 2. Therefore, the interphase
voltage-imbalance coeflicients are r4 =2/3, rg=1,and rc =4/
3. In this case, the maximum modulation index 7,y st is
0.96 based on (15). To simplify the relationship between m
and kamax/min> Phase A is set as the priority control phase at
all times. This operation means that AD is decided by the
power generation ratio k4. Figure 2(a) is drawn to describe
the trends when r,=2/3, rz=1, rc=4/3, Rx=10€), and
Lyx=4mH. k,,. decreases as the modulation index m in-
creases. Meanwhile, kg and k¢ increase as m increases when
ka=kamax. The trends of kg and k., when ks =kmin, are
opposite to when k4 = k 4., Noting that the value of kx can
be negative, which means the corresponding phase will
absorb power from the system. The ranges of kx become
smaller when m € [0.7 0.96] as shown in Figure 2(a).
Figure 2(b) shows the trend of three-phase variance S
defined in (44), where Px ey and Py heoretical epresent the
real and theoretical DC-power generated by DC sources per
phase, respectively. This figure is obtained under conditions

TABLE 3: Parameters in the simulation.

Parameters Value
Rated power (VA) 750
Rated line-to-line RMS voltage (V) 95
Switching frequency (kHz) 8
DC-link capacitors (uF) 1,200
Filtering inductor (mH) 4

of (ky=kp=kc=1),(ra=2/3,r3=1,7rc=4/3),and Rx=10Q,
and Ly =4 mH. Obviously, most values of S> with the pro-
posed method are smaller than 0.25 W? in simulation, which
suggests that the power control performance of the proposed
ST-PWM strategy is accurate. The simulation results show
that the proposed method is (1) capable of providing more
accurate results for DC-power control and (2) suitable for
DC-power control under unbalanced DC sources, even under
the severely unbalanced voltage condition.

1 2
Z (PXfreal - PX?theoretical) .

§ =z (45)
X=A,B,C

3

4.2. Control Performance of Proposed Power Control Methods.
To evaluate the proposed power control methods on grid-
tied conditions, the simulation combined with IPCA and
SPCA is implemented with the parameters in Table 3.
Figure 3 shows the control block diagram of the grid-
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FIGURE 4: The simulation results with r4 =2/3, rg=1, and rc=4/3: (a) waveforms of power generation ratios kx and submodule power
generation ratios Ix; and (b) waveforms of line voltage uxyx and currents iy.

connected inverter with proposed methods. The control is
divided into two subcontrols: (1) conventional decoupled
control based on the d-q rotational frame and (2) power-
distribution control. Moreover, the power distribution
control is divided into the extension of modulation index,
interphase power control, and submodule power control.
First, three-phase voltage references acquired by conven-
tional decoupled control are used for calculating the du-
ration time. Then the correction value AD derived from the
IPCA is added to the duty cycle of each phase to control the
power distribution among the three phases. Once corrected
Dy falls outside of [0 1], the state transition algorithm is
needed to extend the linear modulation range. At last, the
compensating value ADy,, is added to the duty cycle of each
submodule to realize the submodule power control.
Figure 4 shows interphase power control and submodule
power control, where the three-phase power generation
ratios keep constant as k*A=0.6, k*B=1.1,and k*C=1.3 in
the whole period and the submodule power generation ratios
are set as [4; =0.6, Ig; =0.5, Ic; = 0.4 after 0.3s. Figure 5(a)
shows that interphase power and submodule power can be
accurately controlled after introducing IPCA and SPCA, and
the submodule power control has little negative impact on
interphase power control. It should be noted that the

Monitor

DC Sources

Three-Phase Five-level H-Bridge ~ Transformer

Inverter

FIGURE 5: Experimental setup.

submodule power is allocated with the submodule voltage as
la1=2/3, Ig; =4/9, and I, = 1/3 when the submodule power
control algorithm is absent. From Figure 4(b), it is obvious
that balanced AC currents can be achieved, even when
submodule power generation ratios are changed.

5. Experimental Verification

A 750 VA three-phase five-level CHB inverter system has
been developed in our laboratory to verify the performance
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FIGURE 6: The experimental results with r4 =2/3, rg=1, and rc=4/3: (a) waveforms of power generation ratios ky, (b) waveforms of line
voltage u,p. and currents iy, (c) phase current i, and the grid voltage ey, and (d) submodule DC side currents and voltages of phase A.

of the proposed method as depicted in Figure 5. Two groups
of experiments are implemented under voltage-imbalance
conditions. A three-phase downscaled grid-connected
converter is constructed. The corresponding experimental
environment and configuration are shown in Figure 1. The
parameters are the same as the simulation in Table 3, and the
switching frequency is 8 kHz. It should be noted that the
H-bridge unit is coupled with a lead-acid battery to provide
power to the grid rather than a solar power unit, due to our
limited experimental conditions. A DC-DC step-up con-
verter, which is usually required for MPPT of solar PV
systems, is omitted in the experiments due to the use of the
battery. The proposed algorithms are implemented in
TMS320F28335 with Xilinx FPGA boards.

5.1. Control Performance of Interphase Power Generation.
Experiments with r,=2/3, rg=1, and rc=4/3 were con-
ducted to evaluate the dynamic performances of the pro-
posed modulation strategy when interphase power
generation ratios changed. In Figure 2(a), the maximum
value of k, is 1.057 when m=0.89. Hence, the reference
power generation ratios can be set as follows: k*A=2/3,
k*B=1, and k*C=4/3 in the first semiperiod and
k*A=k*B=k*C=1 in the second semiperiod. Figure 6(a)
gives the overall waveforms of power generation ratios kx,
which reach their expected values precisely in the whole
period. Besides, the detailed view shows that the transient
process lasts about 20ms. It requires one fundamental

period to get a complete update of the average power.
Figure 6(b) shows the line voltages u,p and three-phase
currents. It is obvious that balanced AC currents can be
achieved when power generation ratios change, and this
change has little effect on the AC currents. Figure 6(c) shows
grid phase voltage ex and inverter current i,. Figure 6(d)
shows the waveforms of the submodule’s DC-side current
and phase A voltage. From the voltage and current wave-
forms of each module, we can see that module 2 is always in
the state of maximum power output, while module 1 is in the
supplementary state. The DC side current has changed
significantly before and after the interphase power switch-
ing, Thus, the effectiveness of the proposed power control is
verified.

5.2. Control Performance of Submodule Power Generation.
Experiments with submodule power control with r, =2/3,
rg=1, and rc=4/3 are conducted to evaluate the perfor-
mance of the proposed modulation strategy when power
generation ratios changed. Figure 7(a) provides the overall
waveforms of power generation ratios ky, which remains
constant during the entire period. Figure 7(b) shows the
submodule power generation ratios. The submodule power
is allocated with the submodule voltage when there is no
submodule power control. As can be seen from Figure 7(b),
the submodule power generation ratios reach the expected
value over a short period of time. Grid phase voltage ex and
inverter current i, are shown in Figure 7(c). Figure 7(d)
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FiGure 7: The experimental results in with r, =2/3, rg=1, and rc=4/3: (a) waveforms of power generation ratios ky, (b) waveforms of
submodule power generation ratios Ix,, (c) phase current i, and the grid voltage ey, and (d) waveforms of line voltage uxx and currents iy.
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