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Abstract—The selective harmonic current mitigation
pulsewidth modulation (SHCM-PWM) technique can be used
in cascaded multilevel converters to extend the harmonic
reduction spectrum, reduce the coupling inductance and
increase the efficiency. The offline SHCM-PWM technique
has small number of switching transitions as its switching
angles can only change once in a fundamental cycle and
relatively long time delays because it uses FFT. As a result,
its dynamic response has a lot to desire. As it will be proven
in this paper, in four-quadrant power converters, to have a
good transient dynamic response, both active and reactive
power must be controlled at least two times in a funda-
mental cycle. In this paper, a hybrid modulation technique
is introduced. The proposed technique uses SHCM-PWM
under steady state and phase-shift PWM (PSPWM) under
transient. In addition, in order to extend the modulation in-
dex range and ensure that SHCM-PWM can process four-
quadrant active and reactive power, the constraints of the
switching angles for the SHCM-PWM are modified. Simula-
tions and experiments are conducted on a seven-level cas-
caded H-bridge converter to verify the proposed technique.

Index Terms—Dynamic response, extended modula-
tion index range, four-quadrant power converters, hy-
brid modulation technique, phase-shift pulsewidth modula-
tion (PSPWM), selective harmonic current mitigation-PWM
(SHCM-PWM).

|. INTRODUCTION

ULTILEVEL power converters have drawn a lot of at-
M tentions nowadays [1], [2]. The modulation technique
used in multilevel converters must have high efficiency, reduced
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passive filter cost, and fast transient response under different
dynamic conditions [2], [3].

High efficiency is a critical metric [3] for multilevel convert-
ers. Because low switching frequencies lead to low switching
power losses, the low switching frequency modulation tech-
niques such as selective harmonic elimination-PWM (SHE-
PWM) [4], selective harmonic mitigation-PWM (SHM-PWM)
[5], and selective harmonic current mitigation-PWM (SHCM-
PWM) [6] are promising to increase converter efficiencies.

In conventional SHE-PWM or SHM-PWM techniques, only
the low-order harmonics are eliminated or mitigated to meet
voltage harmonic limits [3]. Hence, the conventional SHE-PWM
and SHM-PWM techniques cannot ensure to meet the current
harmonic limits, which are more important than the voltage har-
monic limits for the grid tied converters [6]. In addition, the grid
voltage harmonics can lead to unmitigated current harmonics for
SHE-PWM and SHM-PWM techniques, but this information is
not included in the equations of these modulation techniques.

These two problems have been solved in [6] by introduc-
ing SHCM-PWM technique that can meet the current harmonic
limits of IEEE-519 [7] by including the effects of the grid volt-
age harmonics in the optimization process. In this technique,
the coupling inductance between the converter and the grid
can be significantly reduced in comparison to SHE-PWM and
SHM-PWM techniques [6]. Moreover, higher number of current
harmonics than SHE-PWM and SHM-PWM techniques can be
mitigated with the same number of switching transitions [6].

In [8] and [9], it has been proven that the dynamic perfor-
mance of low-frequency SHE-PWM technique is weak due to
using FFT block in single-phase grid-tied converters. As aresult,
at least one fundamental cycle is required to change modulation
index with SHE-PWM technique. Furthermore, this technique
does not control four-quadrant active and reactive power in grid-
tied converters. It does not guarantee to meet the current limits
of IEEE-519 too.

In [3], based on the dynamic equations of grid-tied convert-
ers, a high-performance dynamic response has been achieved
for the four-quadrant grid-tied converter. In addition, an
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indirect controller is used to change the active and reactive
currents four times in each fundamental cycle. The modulation
technique used in [3] is phase-shift PWM (PSPWM). It uses
a high switching frequency to control low-order harmonics. It
is important to note that the SHCM-PWM technique could not
be used with the indirect controller technique to obtain high
dynamic performance. The SHCM-PWM is an off-line modula-
tion technique because the switching angles are calculated and
stored in lookup tables. It also uses FFT, which results in time
delays. In addition, the number of switching transitions is very
low in SHCM-PWM, so it intrinsically has weak dynamic per-
formance [8]. When active or reactive power are controlled with
SHCM-PWM in four-quadrant converters, because the switch-
ing angles need one fundamental cycle to get updated [8], a dc
offset remains on the injected currents for several cycles under
dynamic conditions [3].

Grid-tied four-quadrant converters need large modulation
index range to work with different active and reactive loads
[9]. The modulation index range of low-frequency modulation
techniques depends on optimization constraints applied to the
Fourier series equations. To increase modulation index range
of low-frequency modulation techniques, either unequal dc-link
voltage technique [11] or modified switching angle constraints
[10] can be used.

In this paper, a hybrid modulation technique, which combines
SHCM-PWM and PSPWM, is proposed to achieve high dy-
namic performance for four-quadrant grid-tied converters. Un-
der steady state condition, SHCM-PWM technique is applied to
achieve high efficiency. Under dynamic condition, the PSPWM
technique is employed to update switching transitions several
times in each fundamental cycle to achieve high dynamic re-
sponse performance. Furthermore, a controller is designed to
switch between these two modulations. In order to process four-
quadrant active and reactive power, the modulation index range
of SHCM-PWM is greatly extended by modifying the con-
straints of switching angles. The lowest number of switching
transitions for PSPWM technique is derived so that it does not
reduce efficiency and the performance of the proposed indirect
controller.

Il. EXTEND MODULATION INDEX RANGE OF SHCM-PWM
FOR FOUR-QUADRANT CONVERTERS

An example of the configuration of a four-quadrant cascaded
H-bridge (CHB) grid-tied converter is shown in Fig. 1. The CHB
converter is connected to a power grid with coupling inductance
Ly and parasitic resistance Rr. The CHB converter consists
of i number of cells. The dc-link voltages are equal to Vj..
The DC side of each cell is directly connected to the isolated
dc/dc converters. The outputs of isolated dc/dc converters are
paralleled to charge energy storage on a dc bus. The loads can be
connected to dc bus with bi-directional de/dc convertersin Fig. .
Because dc-link voltages of CHB converter can be regulated
with the isolated dc/dc converters [12], in this paper, the dc
links are connected to dc sources, which will not invalidate the
proposed technique. The time-domain current equation of the

CELL]
V== DC/DC
.
3 L ve== | DC/DC
o ]
""""""" DCDC DC/DC
CELL} | ‘
ve= | De/mC =

Fig. 1. Configuration of a four-quadrant grid-tied CHB converter.
0 3 t
HITI alTn T/4
Fig. 2. Voltage waveform of an i-cell SHCM-PWM converter.

CHB converter on ac side is
diin-p, (t)
Ear
+ Rpiinn (t) + Vac-Gria-n (1) - (1

Vac-CHB-h (t) =1L

In (1), Vac-Grid-h» Vac—CHB-h, and 4;,_;, are the hth harmonic
order of the grid voltage, CHB voltage, and injected current, re-
spectively. The relationship of the fundamental frequency (60/50
Hz) component v,c_Grig-1, Vac-cHB-1, and %1 can be obtained in
(1). The quarter period waveform of v,..cup.;, for the i-cell CHB
converter in Fig. I, when jth cell has n; (j = 1, 2, ..., )
switching angles in each quarter period, is shown in Fig. 2. Due
to quarter wave symmetry, the Fourier series equations of Fig. 2
can be written as

oo

4Vae .
Vae-cus (£) = Z T/ibh sin(hwt)
h=1

by, = (cos(hb11) — cos(hbia) + -+ -+ cos(hb;(,,)))  (2)

where 011,012, ..., 0;,,) are the switching angles of the CHB
converter in each quarter period as shown in Fig. 2. 4Vq by, /(7h)
is the magnitude of the hth-order harmonic for v,..cup ().
When h = 1, the modulation index (M, = b;) of CHB con-
verter is obtained from (2).

The power quality standard that is used in this paper to meet
both current and voltage harmonics is IEEE 519 [7]. The limits
of both current and voltage harmonics at the point of com-
mon coupling (PCC) are provided in Table I. In IEEE-519,
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TABLE |
CURRENT AND VOLTAGE HARMONIC LiMITS OF THE IEEE 519 STANDARD [7] (Isc/IL < 20) FOR GRID VOLTAGE LESS THAN 69 KV

Harmonic Order (h)

Current Harmonics and Total Demand Distortion (TDD)

Voltage Harmonics and Total Harmonic Distortion (THD)

3<h <11 4% 3%

11 < h < 17 2% 3%

17 < h < 23 1.5% 3%

23 < h < 35 0.6% 3%

35<h 0.3% 3%

TDD or THD 5% 5%
TABLE Il

CALCULATED CIRCUIT PARAMETERS OF SHCM-PWM TECHNIQUE

Parameter Symbol Value
Line frequency F 60 Hz
AC grid Voltage (RMS) Vac-Grid 110V
Total rated power Stotal 1.5 kVA
Maximum demand load (RMS) I 14.14 A
Number of H-bridge cells 1 3
Number of switching transitions K 9
Highest order of mitigated harmonic in (3) H 6ot
DC-bus voltage Vie 73V
Coupling inductance Lp 10 mH (0.485 p.u.)
Parasitic resistance of Ly Rp 0.6 Q

I;, is the maximum demand load current of the four-quadrant
converter. I, is the short circuit current at the PCC.

Moeini et al. [6] discussed how to design the key parameters
such as the switching frequency of each switch, the number of
harmonics that can be mitigated with the SHCM-PWM, and
the coupling inductance between the converter and the grid in
details. When the grid voltage harmonics (|Vie Gria-r |) have the
highest magnitudes under the worst scenario defined in Table I,
the equation set that is used to find the solutions of SHCM-PWM
to meet the current harmonic limits of IEEE 519 in Table I is
given by

M, = cosf; —cosbiy + cosbiz + -+ coslx

|Vac-Grid-h | + |Vac-cHB-h |
<C
|thT I, | =

I3\’ Ins \° L\
() () o () < o
where K is the number of switching transitions of the SHCM-
PWM during a quarter fundamental period (K = ni; +
ni2 + ... + N(ni)) and C, and Crpp are the current har-
monics and TDD limits of 4;, in Table I. By using guidelines in
[6], the parameters are calculated in Table II.

To ensure that the proposed SHCM-PWM modulation tech-
nique can properly work in steady state for four-quadrant active
and reactive power, the limitations for the maximum and min-
imum modulation indices can be obtained based on (1). In (1),
the modulation index of CHB voltage is

h=3,517,..

M, =| (Vac-Grid-1£0 + (jwLp + Rp)Lin1 £01,,)]. (4)

s
4Vae

2.4

2.2

Modulation index (Ma)

1
20
400 10

200 100 lin-1(A
Phase of lin-1 (degree) g =i

Fig. 3.  Required modulation index for a four-quadrant CHB converter.

In (4), if the grid voltage is taken as the reference, by changing
the magnitude and phase of ¢i,.1 (0 < Iy < I, 0 <0, , <
27), the required modulation indices are derived in Fig. 3, for
the circuit parameters in Table II. As shown in this figure, the
CHB converter can process four-quadrant active and reactive
power at steady state when modulation indices changes from
0.85 to 2.485.

The conventional constraints of the switching angles used to
solve switching angles for the equation set in (3) are

T
5"

The constraints in (5) undesirably restrict the optimization
techniques used to solve the equation set (3). The switching

angle solution range of SHCM-PWM technique can be signifi-
cantly improved by modifying the constraints to

0<911<912<-~-<9mi< (®)]

m m m
0<911<§,0<012<§,...,0<9mi <§.

For the modified switching angles in (6), due to the reduced
constraints from (5), the switching sequences could be different
from thatin Fig. 2. For example, if 81 5 is the first switching angle
and 017 is the second switching angle, at 5, the voltage will
decrease from 0 to —Vj. and at 611, the voltage will increase
from —Vy. to 0 [10].

As proven in [13] and [14], the particle swarm optimiza-
tion (PSO) technique can find the solutions for low-frequency
modulation techniques such as SHE-PWM, SHM-PWM, and
SHCM-PWM faster with fewer computations than Genetic Al-
gorithm or Newton—Raphson techniques. The multiobjective

(6)
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Equat:on (6)
Equation (5)

L]

——thetal1
theta12
m—thetal3
- 8- theta21
- =theta22
=== theta23

©- theta31
------ theta32

= u » theta33

2.5 3

Switching angles (rad)

1 1.5 2
Modulation Index (Ma)

Fig. 4. Switching angle solutions versus modulation index with
SHCM-PWM technique and constraint in (5) or (6).

PSO (MOPSO) technique [15] is used to solve the equation set
(3) because of its advantages of mitigating each order harmonic
current and TDD over PSO technique. The modulation index
ranges of using the switching angle constraints in (5) and (6)
for the equation set (3) are compared in Fig. 4. As shown in
the figure, the switching angle solution with conventional con-
straints (5) limits the modulation index to [1.78, 2.495]. The
modulation index is greatly extended to [0.8, 2.495] with the
modified switching angle constraints (6). It covers all of the re-
quired modulation indices in Fig. 3. It is important to note that
all the solutions in Fig. 4 are for three-cell CHB converters.

By changing the modulation index, the magnitude of
Vac-cHB-1 1N (2) can be controlled. However, in order to track
desired active and reactive power for four-quadrant operations,
the phase of CHB voltage should also be controlled. Because of
this, if the phase of the CHB voltage is # and 0 < 0 < 2m, (2)
can be rewritten as

L4V,
Uac—CHB Z T by, sm hwt + h@) (7)

or

Vac—cuB (1) = Z %bh (cos(hB) sin(hwt)
h=1

+ sin(hf) cos(hwt)). (3)

Because when the phases of both ¢;,.; and v,..cyp change
from O to 2m, there are switching angle solutions for the CHB
to handle four-quadrant active and reactive power.

I1l. TECHNIQUE TO IMPROVE TRANSIENT RESPONSE IN A
FOUR-QUADRANT GRID-TIED CHB CONVERTER

A. Proposed Technique to Improve Transient Response
with Hybrid SHCM-PWM and PSPWM Technique

In (1), the fundamental frequency of 4;,, (¢) for a single-phase

CHB converter can be written as

iin (t) = lip-1 Sin(wt + ejin,l ) (9)

COLFIM q

Va(:—C 'HB-q
I

in-q

Fig. 5. Phasor diagram of the grid-tied converter.

By expanding (9), the following equation can be derived for
the current of the single-phase CHB converter:

iin (t) = Iin—d Sin(wt) + Iin—q COS(Wt)’
Ting = Lin Cos(glin—] )’
Ling = Tin Sin(elin-l)7

(10)

where d and ¢ are used in (10) to simplify representation of
iin (t). The dg phasor diagram of (1) and (10) for the fundamental
frequency is shown in Fig. 5. In Fig. 5, the dg frame rotates in
counterclockwise at speed w. From Fig. 5, the CHB voltage is
Vac-CHB (t) = wlLp i cos(wt + Qfm_,)

+ Rplingsin(wt + 05, ) + Vie-gria sin(wt)

= —Lpwliy, sin(wt) + Lpwliy4 cos(wt)

+ RpIingsin(wt) + Rp Ling cos(wt) 4+ Viegria sin(wt)
(1D

= Vie-ctB-d sin(wt) + Vic.chp-q cos(wt)
where

Vae-cB-d = —Lrwling + Rplin.g + Vac-grid
‘/ac—CHB-q = Lrwlinq + Rp Iin-q .

In order to have the desired current in Fig. 5, the CHB voltage
can be controlled with b; and 6 in (8) by using the following
equations:

4Va.b
VieCHBd = — cosf
4Vy.b
Vac-CHB-q = 71: L sing. (12)

In the time domain, if the changes of dg current references
cause v, cnp (f) to change by Av,._cup (¢) from v, cnpi (t)
t0 vac_cup2(t) and 4, (t) to change by Ad;, (¢) from 4,1 (¢) to
tin2(t), the following equations hold:

iin2 (t) = Z‘inl (t) + AZ‘in (t)

Vae-cHB2 (t) = Vac-cus1 (t) + Avge-cus (1) - (13)

It is assumed that the grid voltage does not change under the
transient condition s0 Av,c.qriq = 0. Based on Fig. 5 and (10),
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At;, and Av,..cup can be derived as
AViectiB-d = —LpwAling + RpAling
AVieciBg = LrwAlin.g + Rp Aljny
Avgecnp(t) = AVye.cup-a sin(wt)
+ AViechp-q cos(wt)
Ay (t) = Aljpg sin(wt) + Al cos(wt) (14)

where Aidy, and Av,..cpp in (13) and (14) are the steady-state
components of input current and CHB voltage. The differential
equation under transient duration is
A (t .
ArUa(:-CHB (t) = LF T() + RF AZin (t)
If the current changes att = %, from (14) and (15), Aj;,, can
be solved as

s5)

“Rp
Ain (t) = ceTr ' 4 (Alipg sin(wt) + Alinq cos(wt)) (16)

where ¢ depends on both Av,..cpyp and the initial condition
of Aij,. If the control signal of AL,_¢ and Al;,_, change at
t = tp and Ad;, (t, ) = 0, ¢ can be derived as

R
R o (Alipq sin(wty) + Alip.q cos(wty)). (17)

The second term in (16) is the steady-state term of Ad;;,. The
first term in (16) is an undesirable transient current. In order
to remove undesirable transient current, in (17), ¢ should be
always equal to zero. Because of this, Alj,.4 or Al , should
only change when sin(wty) or cos(wtg) are equal to zero. This
indicates if dg currents in (17) change under the following con-
ditions, %;, will have no transient currents:

wt(] = km s

wtg =km+ %,
To have the fast transient response in practice, the active
power, which is determined by A, 4, and the reactive power,
which is determined by Alj,.,, must change at times defined
in (18). Therefore, the currents can have two to four changes
within one cycle. At the same time, the existing technique uses
only PSPWM technique to improve the transient condition [3].
However, the mitigation of low-order current harmonics using
PSPWM technique needs more switching transitions than low-
frequency modulation techniques such as SHE-PWM or SHCM-
PWM [6], [16]. As aresult, PSPWM technique has high switch-
ing power loss. To solve this issue, a hybrid SHCM-PWM and
PSPWM technique is proposed in this paper. In this technique,
SHCM-PWM technique is employed under the steady-state con-
dition and PSPWM technique is employed under the transient
condition. The block diagram in Fig. 6 shows the proposed hy-
brid SHCM-PWM and PSPWM technique. In the figure, when
current references Al ; and Al change, the following con-
ditions must be used by the modulation selector to select the

modulation technique for the CHB converter.
1) If |AL; ;| > 0 and wt = km, use PSPWM (SWy,¢ ) until

wt = (k + 2)m.

Alin_q should change

) 18
Aljy.q should change (18)

SHCM-PWM [SWepicm L
A[* technique -~
=d Indirect Modulation [SW CHB
Controller selector =1 converter Vac-Grid
A[* block ! '
in-q PSPWM |
technique SWPS :
L PLL --d
ig. 6. i - .
Fig. 6. Proposed hybrid SHCM-PWM and PSPWM controller.

F 1AL, >0 &&
wt=kx+m/2?

SW=SWpg until
wt=kr+271

SW=SW sncm

End
Fig. 7. Flowchart of modulation selector block in Fig. 6.
{ TIndirect Controller 77 b
P |
Al
in—d, ot =k
1 e e
1
1
: Vac-crip2
1
1
1
moa ot =k +—
1
e e e e e e e e e = =
Fig. 8. Indirect controller which is used to generate v,..cyp in [3].

2) If |ALL,|>0 and wt = km+7/2, use PSPWM
(SWpg) untilwt = (k + 2)m.
3) Otherwise, use SHCM-PWM.

The flowchart for the modulation selector block in Fig. 6 is
shown in Fig. 7 [3]. The block diagram of the indirect controller
based on (13), (14), and (18) is shown in Fig. 8. The output of
the indirect controller in Fig. 8 is vse.cnp2. Because PSPWM
technique does not use fast Fourier transform (FFT) to change
Vac-cuBp [7], it is possible to change v,..cgp several times in
a fundamental period. On the other hand, the SHCM-PWM
technique needs to use the FFT block to obtain the modula-
tion index M,, which is needed for checking look up tables
and changing the output voltage of CHB converter [7]. Be-
cause the FFT block has time delays, SHCM-PWM technique
needs at least one cycle to change v...cup. However, (18) re-
quires to change the v,..cup at least twice in a fundamental
period so both active and reactive power can be controlled
for a four-quadrant grid-tied converter. Therefore, PSPWM
technique is an appropriate technique for dynamic response
improvement.
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Magnitude
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2f-5f, T T 2f+51,
Tt SEER: o
f f-3f, f, f+3f, 26,-3f, 2f, 26+3f,
BW, BW, BW, BW,
Fig. 9. Harmonic spectrum of v,..cyp with PSPWM technique.

B. Design the Switching Frequency of
PSPWM Technique

The switching frequency of PSPWM technique must be de-
signed to have both good dynamic response and low switching
power loss. To reduce the switching power loss, the switching
frequency of PSPWM must be chosen as low as possible when
the dynamic response is greatly improved. However, as shown
in [8], reducing the switching frequency of PSPWM may lead to
undesirable high low-order voltage harmonics, which includes
the fundamental v,..cypg-1. Because of this, the lowest PSPWM
switching frequency, which does not affect v,..cyp-1, 1S ex-
plored in this section. As discussed in [16], the output voltage
of an i-cell CHB converter with the PSPWM technique can be
written as

Vae-cHB-pspwM () = Vi M cos(wot + )

Wi o= = (1 ‘
+ ﬂ-l ;AZ (2BJ2A1(ZB7TM)

X sin ((2iB+2A—1)g) cos(2iBw,t + (24 — 1) (wot + 90)))
(19)
where wy = 27 fy, fo and 6, are the fundamental frequency

and phase of CHB voltage. M is the modulation index of each
cell of CHB. The total modulation index M, of CHB converter
isiM.w. = 27 f, and f, is the average carrier frequency of each
cell. In Fig. 9, the BW; and BW, are the first and second base
bands of PSPWM technique described in (20). The harmonics
exist at Bf, + (24 + 1) f, orders, In (19), the total switching
frequency f, of all cells of v,..cyp with PSPWM is equal to
if.. B is the baseband and A is the sideband harmonics of each
baseband harmonic as shown in Fig. 9. J is the Bessel function
of first kind. The bandwidth of Bth baseband harmonic in Fig. 9
can be obtained with the following equation [8]:

BWjg ~ 2(iMBr + 2) f,. (20)

In order not to generate sideband harmonics overlapping and
influencing v,..cup-1, the carrier frequency of CHB converter
for first baseband (B = 1) can be derived based on following
equation:

fs — BW1 > fo = fs> fo+BW;

= f, > (2iMBr +5) ;. @21)

i 0A/diV) Ve Gria (100V/diV) oy e (100V/div)

300 ‘\
=200
< TR
2 f
3ol B I
£ oL IMAAAR
M -1 | H’ H’ H7
s‘ " IE |I |l I.Ifl
9
;BQ -200 le——First Transient
Second Transient —
-300
0.6 062 064 0.66 0.68 0.7
Time (s)
(@
iy (20A4/div) v 40.Gria (100V/div) Vaccup (100V/div)
| \
300 T
S 200
= | '\
§ ol (] p :]
. TATATA;
5-100 ] ]i l[
9
;f -200 First Transient
Second Transient —
-300 i . . . L L
0.6 0.62 0.64 066 0.68 0.7
Time (s)
, (b)
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4
=
B 3
3
g!Z
= IEEE 519 standard
1
0 ||I|||I]_._|;l " '™ l i
0 20 40 60 80 100
(c)
Fundamental (60Hz) = 7.74 , TDD= 2.00%
4
=
53
®
o2
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(L l
L

Fig. 10.  Simulation results of the four-quadrant converter, when active
and reactive power changes from 1000 W — 830 VAR to 520 W + 275
VAR and then backto 1000 W — 830 VAR: (2) Vac-cuB; Vac-Grids Lin With
conventional technique, (b) Vic-cus, Vac-aria, lin With the proposed
hybrid technique, (c) the harmonic spectrum at 1000 W — 830 VAR with
the proposed hybrid technique, and (d) the harmonic spectrum at 520 W
+ 275 VAR with the proposed hybrid technique.

Based on (21), when¢ = 3, M = 1(the maximum modula-
tion index for each cell) and in the worst scenario, the lowest f;
and f. are therefore 720 and 240 Hz, respectively.

[V. SIMULATION RESULTS

In order to validate the proposed hybrid SHCM-PWM and
PSPWM technique, MATLAB Simulink is used for the simula-
tions. The circuit parameters, which are used in both simulation
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TABLE Il
Maximum DC OFFSET OF Iy IN SIMULATIONS WITH EITHER
CONVENTIONAL OR PROPOSED TECHNIQUES

TABLE IV
SWITCHING POWER LOSs oF CHB CoNVERTER WITH SHCM-PWM
TECHNIQUE

Comparative  First Transient ~ First Transient Second Second
Simulations (Conventional) (Proposed) Transient Transient

(Conventional) (Proposed)
1 78% 8.5% 43% 1.75%
2 92% 3.8% 94% 1.4%

and experimental results, are shown in Table II. The dc voltage
of battery for each cell in the simulation and experimental re-
sults is 65 V. The obtained solutions in Fig. 4 can still be used for
Viec = 65V because low dc-link voltages result in low-voltage
harmonics in (2) and (3). For a CHB cell with SHCM-PWM,
a switching cycle is defined as a cycle in which each switch
turns on and off once. This means the number of switching tran-
sitions of each cell in quarter fundamental period is equal to
the number of switching cycles in one fundamental period of
each cell. The total switching frequency of the CHB converter
is therefore equal to the number of cells times the number of
switching transitions in quarter fundamental period of each cell
times the fundamental frequency. The total switching frequency
of SHCM-PWM technique for a three-cell CHB converter is
therefore 3 (transition) x 3 (cell) x 60 Hz = 540 Hz. For
PSPWM technique, as discussed previously, the total switching
frequency is 3 (cell) x 240 Hz = 720 Hz.

The purposes of the simulations and experiments are as
follows.

1) Validating i;,, can meet the IEEE 519 current harmonic
limits with the extended solution range in (6).

2) Validating proposed hybrid SHCM-PWM and PSPWM
techniques based on Fig. 6 can achieve high dynamic
response and the transient current can be significantly
reduced.

3) Validating CHB converter can process four-quadrant ac-
tive and reactive power. The active and reactive powers
can be either injected to or absorbed from the power grid.

4) Validating SHCM-PWM technique has a lower switching
power loss than conventional PSPWM technique when
both meet IEEE-519.

In the first comparative simulations, the active and reactive
power flowing from power grid to the converter changed from
1000 W — 830 VAR to 520 W + 275 VAR at ¢ = 0.60231 s and
then changed back to 1000 W — 830 VAR at r = 0.6667 s. In
the first simulation in Fig. 10(a) for conventional SHCM-PWM
technique, during the transient, when the active and reactive
powers are changed, more than two fundamental cycles are re-
quired to reach the steady state. The dc offset of the current 43,
lasts for more than two cycles. The maximum dc offset shown
in Table III is 43%—78%. This dc offset can lead to instabil-
ity. The waveforms in Fig. 10(b) are with the proposed hybrid
technique. During the transient, the active power and reactive
power are changed separately within one cycle with the con-
ditions defined in (18). As shown in the figure, i;, reaches
the steady state within less than one cycle. The maximum

1000 W — 830 520 W + 275 —800 W + 870 VAR —500 W — 520
VAR VAR VAR
SHCM 0.131W 0.085W 0.103W 0.118W
PSPWM 1w 0.644W 0.787TW 1.253W

1.75%-8.5% dc offset is negligible as shown in Table III. The
carrier frequency of PSPWM technique under dynamic condi-
tion is 240 Hz as derived in (21). The harmonic spectrum of 4;,
with the proposed technique, when the active and reactive power
is 1000 W — 830 VAR, is shown in Fig. 10(c). The modulation
index of v,e.cyp 18 2.399, which is within the modulation index
range of conventional technique in Fig. 4. The harmonic spec-
trum of 4;,, with the proposed technique, when the active and
reactive power is 520 W + 275 VAR, is shown in Fig. 10(d).
The modulation index is 1.647, which is inside the extended
modulation index range in Fig. 4. As shown in Fig. 10(c) and
(d), with the proposed technique, the harmonic spectra of 7,
can meet the IEEE 519 current harmonic limits.

In the second comparative simulations, the active and reactive
power flowing from power grid to the converter changed from —
800 W + 870 VAR to —500 W — 520 VAR att = 0.6023 s and
then changed back to —800 W + 870 VAR at t = 0.6667 s. In
Fig. 11(a), for conventional SHCM-PWM technique, during the
transient, when the active and reactive powers are changed, more
than two fundamental cycles are required to reach steady state.
A huge, 92%-94% dc offset shown in Table I11is observed in the
current ¢;;, and it lasts for more than two cycles. This dc offset can
lead to instability on the controller. The waveforms in Fig. 11(b)
are with the proposed hybrid technique. During the transient,
the active power and the reactive power are changed separately
within one cycle with the conditions defined in (18). As shown in
the figure, 3, reaches the steady state within less than one cycle.
The maximum 1.4%-3.8% dc offset is negligible, as shown in
Table III. The carrier frequency of PSPWM technique under
dynamic condition is 240 Hz as derived in (21). The harmonic
spectrum of ¢;,, at —800 W + 870 VAR with a 1.52 modulation
index, which is inside the extended modulation index range in
Fig. 4, is shown in Fig. 11(c). The harmonic spectrum of 7;,, at
—500 W — 520 VAR is shown in Fig. 11(d). The modulation
index is 2.274, which is inside the conventional modulation
index range in Fig. 4. It is obvious that the harmonics of 4;,, for
both conditions meet the current harmonic limits of IEEE 519.

From Figs. 10(b) and 11(b), after one fundamental pe-
riod, both the voltage and the current reach the steady state
for these two transients, when the grid voltage is 110 V
and A'Uac—Grid = 0.

The efficiencies of SHCM-PWM technique and PSPWM
technique are compared when both of them meet the IEEE-519
current harmonic limits with the minimum number of switching
transitions (frequencies). The minimum frequency for SHCM-
PWM is 540 Hz. The minimum frequency for PSPWM is
4110 Hz, which can be calculated based on IEEE-519, (19),
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Fig. 11.  Simulation results of the four-quadrant converter, when active
and reactive power changes from —800 W + 870 VAR to — 500 W — 520
VAR and then back to —800 W + 870 VAR: (a) Viac-cuB, Vac-Grids fin
with conventional technique, (b) Vic-cun; Vac-Grid, Lin With the pro-
posed hybrid SHCM-PWM and PSPWM technique, (c) the harmonic
spectrum at —800 W + 870 VAR with the proposed hybrid technique,
and (d) the harmonic spectrum at —500 W — 520 VAR with the proposed
hybrid technique.

and the circuit parameters in Table II. The switching power loss
Psw of power devices is proportional to switching frequency

fs [18]

Psw 0o f. (22)

Because of this, the SHCM-PWM can significantly reduce the
switching power loss. A comparison of the simulated switch-
ing power losses with SHCM-PWM and PSPWM techniques
is shown In Table IV. The SHCM-PWM technique has lower

"y

Autotransformer
=

CHB cell DC sources

-

- ‘I."E1ductor

nterface board

TMS320F28335

Fig. 12.  Hardware prototype of the four-quadrant CHB used in the
experiments.

switching power losses than PSPWM technique because it needs
a lower switching frequency than PSPWM to meet IEEE-519.

V. EXPERIMENTAL RESULTS

The proposed technique is further validated in experiments. A
seven-level four-quadrant CHB converter, which has the same
parameters as in simulations, with the proposed hybrid tech-
nique is developed in Fig. 12. The TMS320F28335 DSP is used
in the prototype. Similar to Fig. 10, in the first comparative ex-
periments, the active and reactive power flowing from power
grid to the converter changed from 1000 W — 830 VAR to 520
W + 275 VAR and then changed back to 1000 W — 830 VAR.
The transient periods are between two red lines. In Fig. 13(a),
the conventional technique with SHCM-PWM took at least two
fundamental cycles to reach the steady state. A 35%—65% dc
offset is observed in 4;, in Table V during the transient. This
huge dc offset can lead to instability of controller and reduce
the reliability of the semiconductor switches. In Fig. 13(b), for
the proposed hybrid technique, which complies with the con-
dition derived in (18), the d and g components each changed
once in one cycle. It took less than one cycle to reach the steady
state. The 2.5%—-12% dc offset is much smaller than conven-
tional technique, as shown in Table V. The switching frequency
of PSPWM technique is 240 Hz as derived in (21). The cur-
rent harmonic spectra of 4, in steady state at both 1000 W
— 830 VAR and 520 W + 275 VAR are shown in Fig. 13(c)
and (d), respectively. Both harmonic spectra can meet the IEEE
519 current harmonic limits. The modulation indices for both
conditions are the same as the simulation results. This confirms
the extended modulation index range in Fig. 4.

In the second comparative experiments in Fig. 14, the active
and reactive power flowing from power grid to the converter
changed from —800 W + 870 VAR to —500 W — 520 VAR
and then changed back to —800 W + 870 VAR. As shown in
Fig. 14(a), the conventional technique took at least two funda-
mental cycles to achieve the steady state. A 37%—60% dc offset
is observed during the transient in Table V. In Fig. 14(b), the
proposed hybrid technique took less than one cycle to reach
steady state with only a 5%—5.8% dc offset during the transient.
Fig. 14(c) and (d) shows the current harmonic spectra of 4;;, meet
the IEEE 519 current harmonic limits under both conditions.
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Fig. 13. Experimental results of the four-quadrant converter when
active and reactive power changes from 1000 W — 830 VAR
to 520 W + 275 VAR and then changes back to 1000 W —
830 VAR: (a) Vic-cuB, Vac-Grids Lin With conventional technique, (b)
Vac-cuBs Vac-Grid, lin With proposed hybrid SHCM-PWM and PSPWM
technique, (c) the harmonic spectrum at 1000 W — 830 VAR, and (d) the
harmonic spectrum at 520 W + 275 VAR.

TABLE V
MAXIMUM DC OFFSET OF I IN EXPERIMENTS WITH CONVENTIONAL AND
THE PROPOSED TECHNIQUES

Second Transient

Experiment  First Transient First Transient ~Second Transient

Number (Conventional) (Proposed) (Conventional) (Proposed)
First 65% 12% 35% 2.5%
Second 60% 5% 37% 5.8%
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Fig. 14. Experimental results of the four-quadrant converter when
active and reactive powers changes from —800W + 870 VAR to
—500 W — 520 VAR and then changes back to —800 W +
870 VAR: (@) Vic-cuB, Vac-arid, Lin With conventional technique, (b)
Vie-cuBs Vac-Grids Iin With the proposed hybrid SHCM-PWM and
PSPWM technique, (c) the harmonic spectrum at —800 W + 870 VAR,
and (d) the harmonic spectrum at —500 W — 520 VAR.

As proven by both experiment and simulation results, with the
developed hybrid technique, the CHB rectifier can process four-
quadrant active and reactive power with the extended modula-
tion index, achieve fast dynamic response and meet IEEE-519
current harmonic limits.

It should be pointed out that, ideally, the proposed hybrid
technique can achieve a transient free dynamic response; how-
ever, because of the nonideal component parameters, such as the
variations of the dc-link voltages, the resistance of the inductor,
the impedance of power grid, etc., there is still a small dc offset
during the transient. However, compared with the conventional
technique, the proposed hybrid technique significantly improves
the dynamic response.
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VI. CONCLUSIONS

In this paper, a hybrid modulation technique, which employs
selective harmonic current mitigation PWM at the steady state
and phase-shift PWM in transient, was proposed to process four-
quadrant power, to achieve fast transient response, to increase
the efficiency of the converter, to extend modulation index range,
and to meet the IEEE-519 current harmonic limits. Both simu-
lation and experimental results validate the proposed technique.
It was shown that the proposed technique greatly reduces the
dc offset and reduces transient response time of the injected
currents. Moreover, the harmonic spectra of the injected current
can meet IEEE 519 current limits at both steady and transient
conditions. The modulation index range has been greatly ex-
tended with the proposed four-quadrant switching angel control
technique for SHCM-PWM, so the SHCM-PWM can process a
wide range of active and reactive power.
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