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ABSTRACT The hybrid stacked multicell converter (HSMC) is a competitive converter in the low-
voltage high-efficiency applications. Proper modulation and voltage balancing control are important for the
operation of the HSMC, which may ensure the HSMC to obtain high-quality output and low power losses.
A hybrid phase-shifted PWM (PS-PWM) with the modified reference signal is developed for nine-level
HSMC (9L-HSMC), and the neutral point voltage can be naturally balanced in a fundamental cycle. Based
on the hybrid PS-PWM, an active voltage balancing control is put forward for the flying capacitor (FC). The
voltage balancing of FC is implemented by slightly modifying the reference signals to adjust the duty cycles
of the high-frequency switches symmetrically. This method does not need complex calculations, and it can
be easily extended to higher level HSMC and other FC-based configurations. The simulations are carried out
to validate the merits of low power losses and superior power quality. A downscale experimental platform
of a 9L-HSMC is a setup to verify the effectiveness of the proposed control strategy under both the steady
state and the transient states.

INDEX TERMS Multilevel converter, neutral point (NP) voltage, phase-shifted PWM (PS-PWM)), stacked

multicell converter (SMC), voltage balancing control.

I. INTRODUCTION
In recent years, three-level neutral-point-clamped (NPC) con-
verter has been widely used in high-power motor drives
and renewable energy conversions [1], [2]. However, as the
number of voltage level increases, the clamping diodes and
unbalance loss distribution will be fast increased. Due to the
merits of absence of diodes and balanced loss distribution,
the flying capacitor multilevel (FCM) converters are ideal
alternatives for higher-level applications [3]. Nevertheless,
a large number of flying capacitors (FCs) may reduce system
reliability. In recent years, hybrid multilevel converters have
been proposed and compared to popular multilevel topolo-
gies, they require less switches and FCs [4]-[17].

Active neutral-point-clamped (ANPC) converter is a
newly introduced hybrid multilevel converter (HMO),
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which combines the advantages of the NPC and FC con-
verters [4]. Three-level ANPC and several five-level ANPC
topologies have been put forward in [5]-[9]. The stacked
multicell converter (SMC) is another HMC [10], and it draws
much attentions due to the overwhelming merits, such as
modularity, and inherent natural balancing of FCs. Three-
level T-type converter (T>C) can be recognized as the SMC
with one cell [11]-[13]. In low-voltage applications, three-
level T2C is a better choice than three-level NPC converter
due to low conduction losses. Several HMC topologies have
been proposed based on the T2C cell [14]-[17].

To further increase the voltage levels with reduced devices
(including dc voltage source, switches and FCs), several new
hybrid stacked multicell converters (HSMCs) have been pro-
posed based on the SMC [18]-[20]. These topologies are
mainly obtained by adding low frequency (LF) switches to the
original SMC. In [18], the number of dc voltage sources was
reduced to half. In [19], a mixed stacked multicell converter
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was proposed, by adding four LF switches to the SMC.
To reduce the LF switches, a HSMC was introduced in [20],
which was derived by adding only two LF switches into
the SMC. The number of high-frequency (HF) switches has
been reduced to half whereas the peak-to-peak value of output
voltage has been doubled, so it is an attractive alternative for
single-phase converter systems. When it is applied in three-
phase systems, an isolated dc source is required for each
phase. In this paper, the HSMC is configured as a full bridge,
which is composed of SMC and 2L half-bridge (2L-HB).

Capacitor voltage balancing control is one of the most
essential issues for the HSMCs. Carrier-based pulse width
modulation (PWM) methods are widely used in FC-based
multilevel converters and they can achieve natural voltage
balancing [21], [22]. Several voltage balancing control meth-
ods have been proposed for HMCs [23]-[31]. Nature voltage
balancing methods were put forward based on phase-shifted
PWM (PS-PWM) in [23] and [24] and phase-disposition
PWM (PD-PWM) in [25] and [26]. However, the control
performance depends on the load power factor and switch-
ing frequency. In [24], a RLC balancing booster circuit was
proposed to achieve fast natural balancing which increased
power losses. Several active voltage balancing control meth-
ods were proposed in [27]-[31]. In [27], a space vector
PWM (SVPWM) based voltage balancing control was pro-
posed, but it is only applicable to three-phase systems,
besides, a large number of voltage vectors make it complex.
In [28], an active voltage balancing method was proposed
based on the implementation of cost function to minimize the
FC voltage deviations, which requires complex calculations.
In [29], a voltage balancing control based on PS-PWM was
proposed for SMC, which balances the FC voltages with a
proportional controller. However, the voltage balancing con-
trol for the SMC in [28] and [29] did not discuss the balancing
of neutral point (NP) voltage. In [30], a multicarrier-based
PWM method was proposed for balancing NP voltage by
using zero-sequence injection method. In [31], the theoretical
analysis of the NP voltage balancing was put forward for
the SL. ANPC. In [32], an active voltage balancing control
was proposed, which is implemented by using dynamic mod-
els. But the switching frequency and power losses were not
discussed. Other voltage balancing control methods are also
applied in different multilevel converters [33]-[35].

Due to different topologies and PWM algorithms, those
aforementioned voltage balancing control methods cannot be
directly applied to the HSMC. The previous voltage balancing
control of the HSMC is commonly based on the selection
of redundant switching states [20]. However, the switching
frequency of the switches is varied significantly. There is also
rare report on the voltage balancing control method for both
the NP and FCs of the HSMC. For this reason, this paper
proposes a new active voltage balancing control (AVBC)
strategy for the HSMC to achieve constant average switching
frequency and united voltage balancing control of the NP
and FCs. A hybrid PS-PWM with modified reference signal is
developed for the HSMC, where switches of the SMC operate
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in high frequency and the switches of 2L-HB operate in
fundamental frequency. With this hybrid PS-PWM the merits
of low power losses and superior output power quality can
be obtained. Moreover, the hybrid PS-PWM achieves natural
balancing of the NP voltage in a fundamental cycle. The
AVBC strategy is implemented by modifying the reference
signals of the HF switches slightly, which adjusts duty cycles
of HF switches symmetrically. Therefore, the AVBC neither
need additional balancing circuits nor complex calculations,
and it can be easily extended to higher level and multi-phase
configurations.

This paper is organized as follows. In Section II, operat-
ing principle of the HSMC and comparisons are described.
In Section III, the modified hybrid PS-PWM and AVBC
strategy are put forward. In Section IV, the FFT spectrum,
current THD and power losses are studied by simulations.
In Section V, a small-scale experimental platform of the
HSMC is built, and experiment results under steady state
and transient states are presented. Finally, the conclusions are
drawn in Section VL.
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FIGURE 1. Circuit schematic of single-phase 9L-HSMC.

Il. HYBRID STACKED MULTICELL CONVERTERS

A. NINE-LEVEL HSMC

Fig. 1 shows the circuit diagram of single-phase 9L-HSMC.
It is composed of a SL-SMC and a 2L-HB, and the midpoints
of the 5SL-SMC and 2L-HB are two AC output terminals X
and Xj;. where v, and i, are output voltage and phase current,
respectively; ir1, irp are FC currents that flow through Cry
and Cyy; Inp is the instantaneous NP current.

To make full use of the merits of the 9L-HSMC, the
switches Ty, T2, T21, T22 and their complementary switches
of the 5L-SMC operate in high frequency (depends on the
utilized carrier frequency) and the switches T and T{ of the
2L.-HB operate in fundamental frequency (equals to S0Hz).
Then the high quality output and low power losses will be
obtained. Assuming the dc-bus voltage is V., the capacitor
voltages v.1 and v, should be maintained at V;./2 and the
reference voltage of Cry and Cy; is Vg /4.

B. SWITHING STATES AND CURRENT PATHS

Table 1 shows switching states, output voltage and effects on
the FCs. There are eighteen switching states that are used to
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TABLE 1. Switching states, output voltage and effects on FCs.

LF HF Output NP FC FC

States _ cell cell voltage current  current voltage
T, TuTpTyTh Va inp in, ip v, Vo

Vv, 0 1111 Vie 0 0 0 n n
V, 0 1101 3Vl 0 tla 0 1 n
Vi 0 0111 3Vl i iy 0 1 n
V4 0 0101 Va2 e 0 0 n n
Vs 0 0011 Va2 0 “ly - l l
Vs 0 1100 Val2 0 0 U T T
Vv 0 0100 Va4 iq 0 U n T
Vs 0 0001 Val4 0 0 -, n l
Vo 0 0000 0 0 0 0 n n
Vio 1 1111 0 0 0 0 n n
V11 1 0111 -V,,{C/4 la —iﬂ 0 l n
Vi 1 1101 Va4 th 0 1 n
Vi3 1 0101 Va2 lin 0 0 n n
Vig 1 1100 Va2 0 iq s ) T
Vis 1 0011 Va2 0 -lg -l l l
Vis 1 0001 -3Val4 0 0 -, n l
V7 1 0100 -3Val4 iy 0 e n T
V]g 1 0000 ‘Vdc 0 0 0 n n

The current and voltage are given assuming i,>0 with the notations:
“|” represents capacitor discharging, “1” represents capacitor charging,
“n” represents no influence on the flying capacitors.

output nine levels (£Vy., £3V;./4, £V 412, £V4./4, 0), and
state redundancies are available for each voltage level except
for states V;. and -Vg.. According to Table 1, the output
voltage v, can be expressed as

1
Vg = —VyeS1 + Zvdc (S11 + S12+ S21 + 522) ()

where S1, S11, S12, S21 and S, are switching functions of
switches Ty, T11, T12, T21 and Taa, respectively.

To make it more comprehensive, the current paths and
switching state combinations are shown in Fig. 2 under the
positive current (i, > 0) for voltage levels V. and £V,./4,
where on-state and off-state devices are marked in black and
gray colors, respectively. As can be seen in Fig. 2(a) and 2(b),
the states Vi and Vg are used to output voltage V.
and —V,., and no current flows through the FCs. As shown
in Fig. 2(c) and 2(d), states V7 and Vg can be selected to
output V4./4, and they have opposite effects on the Cya.
States V11 and V1 are used to output —V,./4, resulting in
discharging and charging Cy1, as shown in Fig. 2(e) and 2(f).
Note that the effects on the FC voltage will be opposite with
the reversal of phase current.

C. GENERIC TOPOLOGY OF HSMC
The HSMC can be extended to generate more voltage
levels for obtaining higher quality output waveforms, and
then the cost and volume of the output filter would be
decreased. Fig. 3 shows the generic circuit configuration of
the (4n + 1)-level HSMC, which is obtained by combing an
n-cell (2n + 1)-level SMC with a 2L.-HB.

If the dc-bus voltage is V., the voltages of Cg,1 and Cpz
should be controlled at their reference value V,./(2xn). The
reference value of FCs in the kg, cell can be expressed as

Vdc
2xXn

Va1 = o = (n—k+1), (k=2 3,...,n. )
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FIGURE 2. Current paths and switching state combinations under the
positive phase current. (a) Vg. (Vq), (b) -Vgc (V1g), () Vg /8 (V7).
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FIGURE 3. Circuit configuration of (4n + 1)-level HSMC with n-cell
(2n + 1)-level SMC.

The comparisons of n-level FC-based multilevel converters
are shown in Table 2. It is shown that the HSMC has fewer
switches and FCs than the other compared converters for
generating a higher level voltage.

lIl. PROPOSED VOLTAGE BALANCING CONTROL

A modified hybrid PS-PWM approach is developed for the
HSMC by combining the PS-PWM with the PD-PWM algo-
rithms. The natural balancing of NP voltage is theoretically
analyzed. A new AVBC strategy based on the modified hybrid
PS-PWM is proposed to balance the FC voltages.
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TABLE 2. Comparisons of FC-based multilevel converters.

Number of devices
Topologies FC LF HF FC
cell switch switch

FCM [2] n-1 0 2(n-1) n-2
SMC [10] n-1 0 2(n-1) n-3

Ref. [15] (n-1)/2 6 n-1 (n-1)/2

Ref. [16]  |2[loga(n-1)/31+2] 6 |4[logy(n-1)/31+4|2[logy(n-1)/3]
HSMC [20] (n-1)/2 2 n-1 (n-5)/2

Note: Nieve=n and n is odd; dc source voltage is V.

A. MODIFIED HYBRID PHASE-SHIFTED PWM

In the HSMC, there are LF switches which have to endure
high voltage and should be switched in low frequency to
reduce the switching losses. The switches in the SMC should
be operated in high frequency to obtain high-quality output
waveforms. To meet this requirement, a hybrid PS-PWM is
developed, and the modified reference signal v,,r is obtained
from the original modulation signal v,,. They are

Vam = 2msin (wt + ¢) , 3)

Vief = Vam — Sign Vam), “4)
1, >0

sign(Vam) = Vam = (5)
-1, van <O,

where sign( ) is sign function,yn is modulation index
(0 <m < 1), w and ¢ are angular frequency and power factor
angular, respectively.

Fig. 4 shows the principle of modified hybrid PS-PWM
for the 9L-HSMC. Four triangular carriers in frequency f, =
500 Hz are distributed on both sides of zero axis. Carrier 1
and carrier 2 are used to generate gating signals for switches
Ti1 and Ty, while carrier 3 and carrier 4 are for T and Ty,
respectively. If the value of v, is higher than that of carrier 1,
T will be on (T’ is off) and similar rules can be applied to
other three carriers. The gating signals for T are generated
by comparing v,,r with zero. During the positive half cycle
of vyer, Ty is switched off, and then switched on during the
negative half cycle. As shown in Fig. 4(b), 5L and 9L voltages
Vao, Vg are generated.

B. THEORETICAL ANALYSIS OF NP VOLTAGE

NATURAL BALANCING

It can be seen from Fig. 1 and Tab. 1 that the phase current
flows through NP when T1{ and T are switched on, and the
instantaneous NP current iyp can be expressed as

inp = (S12 — S11) - ia- (6)

Table 1 shows that the states V3, V4, V7, Vi1, Vi3 and
V17 have contributions to the NP current. Since the refer-
ence modulation voltage v, is selected as base value (Vg€
[—2, 2]), the reference voltage v, for the HF switches can
be rewritten as

v _ Vam + 17 (_2 S Vam E O) (7)
" Vam — 1, (0 < vy <2).
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FIGURE 4. Modified hybrid PS-PWM for the 9L-HSMC. (a) Gating signal
generation, (b) output voltage.

If the carrier frequency f. is higher enough than the fun-
damental frequency, v, can be assumed constant in one
carrier cycle. Then the duty cycle of the HF switches can be
defined as

d = d = o

n=@r=ref < Vigp < 1). ®)
dip=dn =1,
dip=dp =1

12 22 + Vief (=1 < vpr <0). )
diy = dy =0,

where dj; (i, j=1, 2) represent duty cycles of HF switches Tj;.

In order to obtain the duty cycle of the states, v, is divided
into four regions [—1, —0.5), [-0.5, 0), [0, 0.5), [0.5, 1],
as shown in Fig. 4.

When 0< vy, =<2 and v, locate at [—1, —0.5) and
[—0.5,0), Ty, Ty and T are switched off while T, and Ty,
operate in high frequency. The state sequences in a carrier
cycle are V7-Vg9-Vg-Vo-V7 and V7-V4-Vg-V4-V7, and the
duty cycles of the states can be calculated as

dV; =dp2
dVg =dxp
dVo =1—dyy —dn,

(1 < v <—0.5).  (10)
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dV; =1 —dx»
dVg =1—dip
dV4y =dip +dyp — 1,

(=05 <vpp <0). (11

When 0< vy, =<2 and v,s locate at [0, 0.5) and [0.5, 1],
T2 and Ty, are switched on while T is switched off, and the
T11 and T operate in high frequency. The state sequences in
a carrier cycle are V,-V4-V3-V4-V; and V-V -V3-V{-V;,
and the duty cycles of the states are

dVy =di

dV3 = dp 0 <vpr <0.5). (12)
dVy =1 —dy —day,

dVr =1 —dy

dVs =1—d 05 =<ver =1). (13)
dVy =dy +dy — 1,

When —2< vg, <0 and vyr locate at [-1, —0.5) and
[—0.5, 0), T; is switched on while T and T,; are switched
off. The state sequences in a carrier cycle are V17-V13-Vi6-
Vig-V17 and V17-V13-V16-V13-V17, and the duty cycles of
the states are

dvir =diz

dVieg = dy (=1 < vpr < —0.5). (14)
dVig =1 —din — dan,

dVir=1—dx»

dVige=1—dp (=0.5 < vy <0). (15)
dViz =dyp +dy — 1,

When —2< v, < 0 and v, locate at [0, 0.5) and [0.5, 1],
T is switched on while the T and Ty, are switched on. The
state sequences in a carrier cycle are Vi2-V13-V11-V13-V12
and V12-V10-V11-V10-V12, and the duty cycles of the states
are

dVip = dn

dvii = da (0 < vpr <0.5). (16)
dViz =1—di —day,

dVip =1—dy

dvii =1—dn 0S5 =<ver =D. (A7)
dVip =di +dy — 1,

According to Eq. (8) to Eq. (17), the average NP current iyp
can be obtained by combining the contributions of V3, Vy,
V7, V11, Vi3 and V7 in a carrier cycle, and yielding

ZVP

“lg, (Vs € [=1, 0)&van € [0, 2])

a» (Vrer € (0, 1]&vam € [0, 2])

“lg, (Ve € [—1, 0)&van € [-2, 0])

“lg,  (Vrer €0, 11&vap € [-2, 0]).
(18)
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According to Egs. (3), (7) and (18), the average NP current in
a fundamental cycle T can be calculated by

- -
Inp = —/ inp(t)dt = 0. (19)
T Jo

From (19), the average NP current in a fundamental cycle T
for a single phase is equal to zero. It means that the NP
voltage of the 9L-HSMC is naturally balanced by using the
modified hybrid PS-PWM method under ideal and steady-
state condition. For three-phase applications, there are two
circuit configurations which are supplied by three isolated dc
sources and one single dc source, as shown in Fig. 5.
Phase A

Phase B
Phase C

(2

Phase A

Phase B
Phase C

(b)

FIGURE 5. Circuits of three-phase 9L HSMC with (a) three isolated dc
sources, (b) single dc source and three output coupling transformers.

As can be seen in Fig. 5(a), the NP voltage of each
phase can be naturally balanced by using the modified hybrid
PS-PWM, which named ‘‘single-phase method”. The bal-
ance of the NP voltage in Fig. 5(b) can be achieved by
“three-phase method” such as zero-sequence injection in
carrier-based PWM methods and optimum redundant vector
selection in SVM-based methods. The relationship between
the average NP current and zero-sequence voltage is similar
as the NPC and ANPC converters [30], [31].

C. ACTIVE VOLTAGE BALANCING CONTROL
As shown in Table 1, the redundant sates are available for
each level except for -V, and V., which provides a freedom
degree for balancing FC voltages. For example, V7 and Vg are
the redundant states for generating voltage level V;./4 which
have opposite effects on the Cy;. Similarly, V1 and V for
voltage level -V,;./4 have opposite effects on Cry.

The phase current flows into or out the Cr; when T;; and
T, are switched on or off. Similarly, phase current flow into
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or out Crp when Ty and T,y are switched on or off. The

instant FC currents ir; and i, can be expressed as
ir1 = (S11 — S21) -

l.fl (S11 — S21) l'a 20)
irp = (S12 — 822) - ia.

The average FC currents in a carrier cycle can be rewritten as

i1 = (di1 —da1) “ g

3 - (21)
ifo = (d12 — d») - ia,

where d;j(i=1, 2; j=1, 2) is duty cycle of the switch S;;, and
i, is average phase current over a carrier cycle.

It can be seen from (21) that the average FC current is
determined by the phase current and duty cycle of the adjacent
HF switches. The voltage deviations of the FC voltage can be
calculated by the average FC current. It yields

Cr1Avp1 [T = (di1 — da1) - ia
CraAvpr [Ty = (di2 — dn) - ia,

where Avyy and Avy are FC voltage deviations, and they are
defined as Avyy = Vdc/4 —vr1, Avpp = Vdc/4 — V2 in the
9L-HSMC.

Since the phase current in one carrier cycle is assured
constant, the duty cycle can be adjusted to balance the FC
voltage according to (21) and (22). When using the PS-PWM
to the original SMC, it meets dj; = db; and dj3 = dx»
in one carrier cycle. So the average FC current is zero and
FC voltage is naturally balanced under steady state. As the
modified hybrid PS-PWM is applied to the HSMC, the duty
cycle should be adjusted properly to balance the FC voltage.
So an AVBC strategy is proposed for the HSMC to enhance
voltage balancing performance of FCs under dynamic condi-
tions. The reference modulation signal v,,s can be modified
to adjust the duty cycles of the HF switches and the operating
time of the redundant states might be modified. As each half
cycle of vyr has been divided into four regions in Fig. 4(a) as
[0, 0.5],[0.5,1],[-0.5,0] and [—1, —0.5]. For 0 < v, < 2,
the modified states by adjusting the duty cycles under four
different conditions can be shown in Fig. 6.

1) Whenv,s € [0, 0.5), T is switched off and T2, T2 are
switched on continually. If Crq needs to be discharged, a neg-
ative average FC current iry should be generated. As dq; and
d>1 decrease and increase symmetrically, the output voltage
will not be changed but a negative current ;'f 1 is provided.
Fig. 6(a) shows the modified states by adjusting the duty
cycle. The new duty cycles d{, and d}, are obtained by

(22)

dj, = v — Adyy

(23)
dél = Vs + Adyy,

where Adj; and Adp; are compensated duty cycle and
Ady1 = Ady = Adi. Note that the value of d{, and dj,
should be located at the same range of v, to ensure the output
voltage level unchangeable in one carrier cycle. The negative
i1 is obtained by

irt = = (Adi1 + Ad1) -ia = —2Ad1 -l (24)
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FIGURE 6. Modified switching states by adjusting the duty cycle for
positive output voltage (0 < vam < 2): (@) 0 < v,of_ < 0.5, Cfy needs

to be discharged; (b) 0.5 < v,of_ < 1, Cf; needs to be charged;

(c) —0.5 < v _ < 0, C¢, needs to be discharged; (d) -1 < v, < —0.5,
C¢, needs to be charged.

2) When v,r € (0.5, 1], Ty is switched off and Tz,
T, are switched on continually. If Crq needs to be charged,
a positive ffl should be generated. And then dq; and dj;
will increase and decrease symmetrically. Fig. 6(b) shows the
modified states by adjusting the duty cycle. The new duty
cycles d,.,d5, and the positive i are obtained by

dyy = Vs + Adiy
dél = Vref — Adyy,
irt = (Adi + Adyy) - g = 2Ad) - iq. (26)

(25)

3) When v,r € [-0.5, 0), Ty is switched on and Ty1, Ty
are switched off continually. If Cr> needs to be discharged,
a negative iry should be generated. And then di; and dx
will decrease and increase symmetrically. Fig. 6(c) shows the
modified states by adjusting the duty cycle. The new duty

cycles dy,.d,, and the negative i¢> are obtained by

d{2 = Vref — Ady;
dﬁz = Vier + Ady,
if2 = — (Adip + Adp) - ig = —2Ads - ig,  (28)

27)

where Adj; and Adp; are compensated duty cycle and
Adiy = Ady = Ady.

4) When v,y € [—1, —0.5], Ty is switched on and Ty,
T are switched off continually. If Cr, needs to be charged,
a positive ;'fz should be generated. And then dj2 and dz»
will increase and decrease symmetrically. Fig. 6(d) shows the
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modified states by adjusting the duty cycle. The new duty
cycles dy,.d), and the positive ir> are obtained by

d{2 = Vrer + Ady;
dyy = Vref — Adp,
iy = (Adiz + Adp) - iq = 2Ads - i, (30)

(29)

Since the compensated duty cycle Ad;(i,j = 1,2)is a
quite small adjusted value, it can be obtained by using a
proportional integrator (PI) or a hysteresis controller. Here
a proportional controller is used to simplify the controller.
The compensated duty cycle Ad; and Ad, can be calcu-
lated by

Adi =K (ijef — Vf]) - sign(iy)

o (31)
Ady =K (foref - VfZ) - sign(ia),

where sign(i,) is the sign function and it is 1 and —1 when
iy >0and i, <0, respectively. K is a proportional factor, and
it can be tuned flexibly to minimize the FC voltage deviation.
In the AVBC, the voltage balancing is realized by adjusting
duty cycles of the HF switches symmetrically, and it does not
depend on the modulation index and carrier frequency.

Evlzf 0 A
::[>'7_’1-1 {

Lo
W22 -2

.........................................

Active voltage balancing control (AVBC)

Modified Hybrid PS-PWM

FIGURE 7. Principle of the proposed AVBC with modified hybrid PS-PWM
algorithm for the 9L-HSMC.

D. IMPLEMENTATION OF PROPOSED ALGORITHM
Fig. 7 shows the principle of the proposed hybrid PS-PWM
combined with AVBC algorithm. The gating signals of LF
switches Ty and T{ are generated by comparing v, with
zero. The new duty cycle d/; of the HF switch T; is generated
by tuning the factor K according to the FC voltage deviation
and sign(i,). For example, assuming sign(i;) = 1 and Cy;
needs to be charged, a positive FC average current ff 1 should
be generated. The compensated duty cycle Adj; and Adyg
are generated and used to form the new duty cycle (reference
signal vi1 and v1). In this case, a positive ;'jq will be generated
to charge the Cy;.

Overall, the AVBC based on modified hybrid PS-PWM can
be implemented by the following steps:

1) Obtain the reference modulation signals v, and v,. by
using outer loops to meet specific control targets (active and
reactive power control, common voltage suppression, etc.)
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2) Detect the phase current direction sign(i;) and FC
voltages vri, vr2, and then calculate voltage deviations
Avr1, Avy and the average FC currents ir1, irs.

3) Calculate the compensated duty cycles Ad;;(i = 1, 2;
j = 1, 2) by selecting optimum value of the factor K,
considering control the FC voltage deviation within the
defined threshold value while reduce the average switching
frequency.

4) Obtain the new duty cycle dl;. of the HF switches T
by adding Ad; to the original v,r, and then the resulted
reference signals v;; are compared with the triangular carriers.

5) Determine the optimum switching state for each voltage
level and apply the gating signals (from Table 1) for the LF
and HF switches T, Tj;, respectively.

SEATERS:nL2)

iy L Vit m
g sign(iy) <
V9| FC voltage deviation AVBC ™2 Modified hybrid |20 }
o irection 21| Eqs. (23)-31) viz|  PS-PWM 5
fvn and current direction s @ hdty H fol
{—>  measurement and Figs. 6-7 (Fig. 4) -«
L Avp vy £
RN —> Je i

FIGURE 8. Overall diagram of the AVBC with modified hybrid PS-PWM for
the single-phase 9L-HSMC.

Fig. 8 shows the overall block diagram of the AVBC with
modified hybrid PS-PWM for the single-phase 9L-HSMC.
The ac-side output of the 9L-HSMC is connected with a pure
resistor through a filtering inductor. The reference voltage
Vam Of the hybrid PS-PWM can be synthesized by using
Eq. (3). The proposed AVBC algorithm is implemented by
using Egs. (23)-(31) and Figs. (6)-(7).

E. GENERALIZED ALGORITHM

As shown in Fig. 3, a higher level HSMC is achieved by stack-
ing more HF cells in the SMC, which may be suitable for low-
voltage high-efficiency applications, such as the renewable
energy conversion system, power quality compensator. The
FC voltages in each HF cell should be balanced separately.
Fortunately, the proposed AVBC can be easily extended due
to the modularity of the HSMCs. Fig. 9 shows the generalized
algorithm of the proposed AVBC with hybrid PS-PWM for a
(4n + 1)-level HSMC with n HF cells. As shown in Fig. 9,
the AVBC consists of n cells that are used to adjust the duty
cycles for the HF switches of each HF cell. The reference
value of the FC voltages v and vo (k = 2,3, ..., n) for the
kq HF cell has been defined in Eq. (2). The required number
of carriers is equal to 2n for a (4n + 1)-level HSMC, and they
have a m/n phase-shift with each other.
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FIGURE 9. Generalized algorithm of the proposed AVBC with modified
hybrid PS-PWM for the (4n + 1)-level HSMC.

TABLE 3. Comparisons of voltage balancing control for FC-based
multilevel converters.

Methods Voltage balancing capability
(PWM
technology) Neutral point Flying capacitor
Ref. [23-24] . Gooq, but the RLC circuit is
Not good, not discussed. required, and power losses
(PS-PWM) .
are increased.
Ref. [25-26] . Good, but the performance
Not good, not discussed. depends on the load power
(PD-PWM) .
factor and carrier frequency.
Ref. [27] Good, plentiful voltage Not good, it is only
(SVI;WM) vectors make it complex | applicable to the three-phase
for high-level topology. converter system.
Ref. [28-29] Good, based on a cost
(PD-PWM, PS-| Not good, not discussed. function, which requires
PWM) complex calculations.
Ref. [30] . Good, based on zero-
(PD-PWM) Not good, not discussed. sequence injection.
AVBC . Good, not depend on the
(hybrid PS- (r;lggfr;ﬁpl;; ?;?f: dls modulation index and carrier
PWM) Y | frequency.

Table 3 shows the comparisons of voltage balancing con-
trol methods for FC-based multilevel converters. The pro-
posed AVBC method requires neither additional hardware
circuits nor complex calculations, and voltage balancing
control for both NP and FC is achieved.

IV. PERFORMANCE EVALUATIONS

To evaluate the performance of 9L-HSMC with the pro-
posed control strategy, a simulation model is built in the
MATLAB/Simulink with system parameters are listed
in Table 4. The dc bus is supplied by a dc power source
Vae = 1 kV while the ac-side output is series connected with
a linear RL-load (R = 10 , L = 10 mH). Infineon switches
FZ400R17KE3 are used in the main circuit. The power
losses are calculated by using the PLECS Toolbox within
MATLAB/Simulink environment based on the constructed
model.
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TABLE 4. Simulation parameters.

Symbols Parameters Values
Ve Dc-bus voltage 1kV
fo Output frequency 50Hz
f Sampling frequency | 10kHz
Cr Flying capacitor 1 mF
Cye Dc-link capacitor 2200 pF
L Filtering inductor 10 mH
R Resistor load 10Q
High-frequency cell voltage (v4,)
‘ \
500
2
s Of |
S
-500 J
‘ ‘ \ \
0.2 0.21 0.22 0.23 0.24 0.25 0.26
AC-side output voltage (v,)
1000f ‘ ‘ ‘ .
- M
=
-1000f 1 i i i .
0.2 0.21 0.22 0.23 0.24 0.25 0.26
Time(s)
=l
o
5
=
<
o=
=
=
[< 9
s
=
=
B
=
0 50 100 150 200 250 300 350 400 450 500
Harmonic order
(b)

FIGURE 10. Simulation results of the 9L HSMC with RL-load (m = 0.9,
fc = 2 kHz). (a) Output voltage, (b) FFT spectrum of output voltage.

s o] P2
= & =1 i
Lt

THD of phase current (e

FIGURE 11. THD of phase current plot versus the modulation index m
(from 0.1 to 1.0) and carrier frequency f¢ (from 0.5 kHz to 5 kHz).

A. FFT SPECTRUM AND THD ANALYSIS

Fig. 10 shows the simulation results, where the carrier fre-
quency f. is 2 kHz and the modulation index m is 0.9. The
high-frequency cell voltage v,, and ac-side output voltage
v have five levels and nine levels, respectively. Fig. 10 (b)
shows the first sideband harmonics centered around 4 kHz,
since the equivalent frequency is 2f.. Fig. 11 shows the THD
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of phase current plot versus m (from 0.1 to 1.0) and f. (from
0.5 to 5 kHz). It reveals that the THD is decreased by increas-
ing the value of m and f, to some extent.

B. AVERAGE SWITCHING FREQUENCY
The average switching frequency fy,_qvg of the 9L-HSMC
over one fundamental cycle is defined as

Fowavg = fs1 + fs11 +fs152 + /521 +fv227 (32)
where fi1, fi11, fs12, fso1 and fpp are average switching
frequencies of the switches Ty, Ti1, Ti2, To1 and Too,
respectively.

To evaluate the effect of proportional factor K in the AVBC
strategy, the average switching frequency f, vy and the
peak-to-peak value of FC voltage deviation AV, accord-
ing to the factor K are given in Fig. 12. Here m = 0.9 and
fe = 2kHz. As the K increases from 0 to 1, AV),.qr and fsy_avg
vary in opposite trends. As can be seen in Fig. 12, the value
of fsw_avg 1s not varied significantly with the range of K from
0.3 to 1, and the value of AV),eq decrease continuously. It can
be concluded that a relative constant switching frequency and
good balancing capability are obtained by using the AVBC
strategy. In order to obtain an optimum control performance,
the value of K is selected as 0.6 by making a tradeoff between
AVpeak andfsw_avg«

20 —r 20
[—*— Average switching frequency
[—¥— Peak-to-peak value of FC voltage deviation|
< 15 15 _
5 S
2 <
= 10f 637 kHz 10 %
N 2
=S 2v 13
0 | | ‘ I I ! 0

0o 01 02 03 04 05 06 07 08 09 1
Protortional factor K

FIGURE 12. Average switching frequency fsw_gvg and peak-to-peak value
of FC voltage deviation AVpeq versus factor K.
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FIGURE 13. Waveforms of FC voltages with hybrid PS-PWM and AVBC
strategy under different values of proportional factor K (m = 0.9,
fc = 2 kHz).

Fig. 13 shows the simulation results of FC voltage with
proposed hybrid PS-PWM and AVBC strategy under three
different values of K. Here m = 0.9 and f, = 2 kHz.
As shown in Fig. 13, the FC voltage ripples increase with the
decrease of K, and the FC voltages v and vy, will deviate
from each other if K is set to 0 at 0.6 s.
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C. SENSITIVITY TO PARAMETER VARIATIONS

As illustrated in Section III, the proposed AVBC algorithm
is realized by adjusting duty cycles of the HF switches,
which may change the modulation signal slightly. In order to
validate the sensitivity to parameter variations, two transient
cases regard to variations of modulation index m and carrier
frequency f. are conducted.

1000

Voltage (V)
=

-1000

z m=03 m=0.6
Y
Z 250 W A A A poairst oottt M A A
§ FC voltages
245 ‘ ‘ ‘
0.1 0.15 0.2 0.25 0.3 035 0.4
Time (s)

FIGURE 14. Transient results of 9L-HSMC with the hybrid PS-PWM and
AVBC under different values of modulation index m (K = 0.6, fc = 2 kHz).

£.=0.5 kHz ) f=1.5kHz )
: :

—
0 o
S S
S S

N
S
S

, Voltage (V)
=

—
=)
=3
=)

I I
0.15 0.2 0.25 0.3 0.35 0.4

—
=45 kHz| — vn

S
=

N
o
a

£:=0.5 kHz

f:=1.5kHz
Bk S M M AL i !

.........
vvvvvvv

Voltage (V)
N~
n
=

FC voltages

N
B
D)

I I
0.2 0.25 0.3 0.35 0.4
Time (s)

o
=
S
=
0

FIGURE 15. Transient results of 9L-HSMC with the hybrid PS-PWM and
AVBC under different values of carrier frequency f¢c (K = 0.6, m = 0.9).

Figs.14 and 15 show the transient results of 9L-HSMC with
the hybrid PS-PWM and AVBC under variations of m and f,
respectively. The waveforms shown are output voltage (v,),
fundamental component (v4r), and FC voltages (v1, vr2). For
Fig. 14, three values of modulation index m = 0.3, 0.6, and
0.9 are tested with K = 0.6 and f, = 2 kHz. As can be
seen in Fig.14, the FC voltages vf; and vy, are maintained
balance, and the voltage deviation is not changed under differ-
ent values of m. Fig. 15 shows waveforms obtained by using
three values of carrier frequency f, = 0.5 kHz, 1.5 kHz,
and 4.5 kHz. Here, K = 0.6 and m = 0.9. It can be
observed that the frequency of the FC voltages increases with
the increase of f,.

In both cases, the FC voltage is balanced and remained
unchanged significantly even during the transient produced
by the variations of m and f,. Hence, the proposed AVBC is
very robust in balancing the FC voltages, and the deviation of
FC voltage does not depend on the values of the modulation
index and carrier frequency.
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FIGURE 16. Distribution of power losses for 9L-HSMC. (a) Conduction
losses, (b) switching losses (m = 0.9, fc = 2 kHz).

D. POWER LOSSES ANALYSIS

This section investigates the power losses distribution of the
9L-HSMC with the proposed control strategy. Here, two main
kinds of power losses are considered, namely conduction
losses and switching losses [36], [37]. The conduction losses
is related with ON-state equivalent resistance and forward
voltage drop of switches and diodes, and they are expressed as

Pcon_sw = [VT + RTi(t)] . i(t)’ (33)
Peon_a = [Vp + Rpi(t)] - i(1), (34)

where, Vr and Vp are the on-state voltage drops of the switch
and diode, respectively, Ry and Rp are the on-state equivalent
resistances,Pcon_sw and Pg,, g are conduction losses for a
typical switch and diode. So total conduction losses P, of
the 9L-HSMC are obtained by

2 T/2
Peon = ? ./O [x(t)Pcon_sw + y(t)Pcon_d] d(), (35)

where x(¢) and y(¢) represent the number of switches and
diodes in the current path. The switching losses can be cal-
culated by using the linear approximation of voltage and
current. The energy losses of switch k caused by turning-on
and turning-off are calculated by

ton ) 1
Eons = /O WO = Voil o, G6)

Toff 1
onf,k = /0 v(1)i(t)dt Zngw,khojﬁ 37

where 1,, and t,; are the turn-on and turn-off time of the
switch, respectively. Vi, is the off-state voltage of the
switch k. Ny r and Nyg x are the number of turn-on and
turn-off switches during a fundamental cycle 7. The total
switching losses of the 9L-HSMC can be calculated by

Ny Non,k Noﬁ',k

S Eonri+ Y Eopi | |- 38)

k=1 \ i=1 i=1

1
Pswz?

Fig. 16 shows the percentage of distributed power losses
(conduction losses and switching losses) among ten switches
for the 9L-HSMC. As shown in Fig. 16(a), the conduction
loss percentage of LF switches in the 2L-HB is higher than
that of HF switches in the SL-SMC. Since the LF switches
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Ty and T{ of the 2L-HB are controlled to switch in fun-
damental frequency, the percentages of switching losses of
T; and Ty are less than 2%, as shown in Fig. 16(b).

Fig. 17 shows power loss distributions of IGBTs and
diodes. It can be seen from Fig. 17 that the amount of
switching losses is bigger than conduction losses for the HF
switches, because they are switched in high frequency to
balance the FC voltages. It is worth noted that the switching
losses of the LF switches are negligible, which reduces the
total power losses. The information of loss distributions is
useful for the design of heat sinks. Moreover, it is possible
to equip the HSMC by using power switches with different
voltage ratings to exploit their advantages.

mPsw_d WPcon_d MPsw_sw M Pcon_sw

Power loss (W)

To T To T2 T TuTie T2 Ti T
Switches

FIGURE 17. Power losses distribution of the 9L-HSMC. (Psw_d': diode
switching loss, Pcon_d: diode conduction loss, Psw_sw: IGBT switching
loss, Pcon_sw: IGBT conduction loss).

interface

FIGURE 18. Experimental platform of the 9L-HSMC connected with linear
RL-load.

V. EXPERIMENTAL VALIDATIONS

To validate the 9L-HSMC with the proposed control strate-
gies, a small-scale experimental platform is built, as shown
in Fig. 18. The experimental system is composed of main
converter circuit, voltage and current sensing circuits, con-
troller and PWM driving circuit. A real-time board/module
MicroL AB is used to implement the ADC and control strate-
gies. The converter dc bus is supplied with a constant dc
source, and the ac-side terminals are connected to a linear
resistor load through a filtering inductor (L = 4.3 mH,
R = 15 Q). The modified hybrid PS-PWM with carrier
frequency f. = 2 kHz and modulation index m = 0.9 is used
by combing with the proposed AVBC strategy. The PWM
gating signals of power switches are generated by the driving
circuits and the dead-time circuit with an accurate dead time
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between the gating signals of the complementary switches.
The experiment parameters are listed in Table 5.

TABLE 5. Experiment parameters.

Symbols Parameters Values
Ve Dc-bus voltage 50V
fo Output frequency 50Hz
1 Sampling frequency | 10kHz
fe Carrier frequency 2 kHz
Cr Flying capacitor 1 mF
Cye Dc-link capacitor 2200 puF
L Filtering inductor 4.3 mH
R Resistor load 15Q
ts Dead-band time 2.5 ps
K Proportional factor 0.6
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FIGURE 19. Experiment results during start-up process. (a) Output
voltage, load current and FC voltage, (b) capacitor voltage.

A. RESPONSE TO START UP

Fig. 19 shows the response of the start-up process. Initially,
the dc-bus voltage V. is zero, and then it has a slope increase
to the nominal value 50 V after 4 s. The voltage of dc-link
capacitor and FC increases to the reference values 25 V and
12.5 V after 4 s. The FC voltage is balanced with the proposed
hybrid PS-PWM combined with AVBC strategy, even during
the start-up transient process.

B. STEADY STATE PERFORMANCE

Fig. 20 shows the experiment results that are obtained under
steady state, where m = 0.9 and f, = 2 kHz. It can be seen
from Fig. 20(a) that the output voltage v, with nine levels
and sinusoidal current i, are obtained. As shown in Fig. 20(b),
both the voltage of dc-link capacitor and the FC are balanced.
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FIGURE 20. Steady-state experiment results. (a) Output voltage and load
current, (b) dc-link capacitor voltage and FC voltage.
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FIGURE 21. Experiment results under different control strategies:
(a) hybrid PS-PWM without FC voltage balancing control, (b) hybrid
PS-PWM combined with AVBC strategy.
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Although some high-frequency switching components exist
in the FC voltages, no voltage spikes and low-frequency
voltage ripples are observed in the capacitor voltages.

Fig. 21 shows experiment results of the hybrid PS-PWM
and the proposed control strategy, respectively. As shown
in Fig. 21(a), the output voltage is distorted seriously due
to the unbalanced FC voltages. Under the modified hybrid
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FIGURE 22. Dynamic response of capacitor voltage with step changes:
(a) from hybrid PS-PWM to the proposed control strategy, (b) from
proposed control strategy to hybrid PS-PWM.

PS-PWM combined with the AVBC strategy, the FC voltage
is balanced, as shown in Fig. 21(b). Fig. 22 shows the FC
voltage with step changing between two different conditions.
As can be seen in Fig. 22, both the voltage of FC and dc-link
capacitor recover balance rapidly under the proposed control
strategy.

C. DYNAMIC PERFORMANCE

To further demonstrate the dynamic performance of the pro-
posed control strategy, several transient cases are investi-
gated. The responses of converter output to the transient cases
are shown in Figs. 23 to 25.

Fig. 23 shows transient experiment results with step
changes of output frequency f,,;. Here, the f, is 2 kHz and m
is 0.9. For the purpose of comparison, the value of m changes
from its nominal value 50 Hz to different frequencies 20 Hz
and 200 Hz. It can be seen from Fig. 23 that the output
is controlled in desired frequency, and no voltage spike is
observed during the transient process.

Fig. 24 shows experiment results with step changes of m
and f,. The output voltage level will be adjusted accord-
ing to the variation of m. When the value of m changes
from 0.9 to 0.5, the v,r_ interacts with only two carriers
during each half cycle. Then the voltage levels of v,, and
v, degrade to five and seven, respectively. The experiment
results with a step change at f. from 500 Hz to 5 kHz are
shown in Fig. 24(b). To make a tradeoff between the output
quality and switching losses, the f, is set as 2 kHz in this
paper. Fig. 25 shows transient results with multiple changes
of parameters f,;, f. and m.
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FIGURE 23. Experimental results with step changes of output
frequency f,,; from (a) 50 Hz to 200 Hz, (b) 50 Hz to 20 Hz.
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FIGURE 24. Experimental results with step changes of: (a) modulation
index m from 0.9 to 0.5, (b) carrier frequency fc from 500 Hz to 5 kHz.

As can be seen from Figs. 23 to 25, during step changes of
multiple variables f,,;, f. and m, the desired output voltages
Vg and v, are obtained quite well under the hybrid PS-PWM
combined with AVBC strategy. The transient time is less than
one half cycle, and no significant voltage spike is observed
during the transient process. Hence, the proposed AVBC
strategy is robust and the deviation of FC voltages is not
influenced significantly with changes of system parameters,
such as modulation index and carrier frequency.
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FIGURE 25. Experimental results of output voltage vqo and vq with
changes of multiple parameters from f,,; = 50 Hz, fc = 500 Hz, m = 0.9
to fo,r =20 Hz, fc =5 kHz, m = 0.7.

VI. CONLUSIONS

In this paper, a hybrid PS-PWM with modified reference
signal is developed and a new AVBC strategy is put forward
to balance the capacitor voltage. With this control strategy
voltage balancing of the NP is achieved naturally in a fun-
damental cycle and the FC voltage is balanced precisely.
The switching frequency can be regulated flexibly by using
the AVBC, and a relative constant switching frequency is
obtained. The distribution of power losses for the HSMC are
studied by using the PLECS toolbox. The switching losses of
the LF switches occupy small proportion to the total losses
and the percentage is less than 2% for each LF switch. The
HSMC with hybrid PS-PWM and AVBC strategy has merits
of superior output power qualities and low power losses. Due
to the modularity, the proposed AVBC algorithm is easy to be
extended to higher level HSMCs. Experiments under steady
state and several transient states are conducted and verify the
effectiveness of the proposed control strategies.
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