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Asymmetrical Level-Shifted PWM-Based Power
Distribution Control of Single-Stage Multiport
Inverter-Connected Islanded Microgrids

Dehong Zhou
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Abstract—The single-stage multiport inverter (SSMPI) is a cost-
effective and high-efficiency solution for multisource integration in
islanded microgrids because the energy storage components can
connect to the ac microgrid directly without intermediate dc-dc
converters. However, it is challenging to design the modulation
scheme for SSMPI due to the time-varying dc input voltages and
requirement for power distribution between the energy storage
components. To this end, this article proposes an asymmetric
level-shifted pulsewidth modulation (ALSPWM) scheme for flexi-
ble power distribution of the SSMPI under time-varying dc input
voltage. In the proposed ALSPWM scheme, proportional varia-
tion and asymmetric carriers are defined to ease system modeling
under the time-varying dc input voltage in SSMPI. Besides, an
instantaneous power model based on non-negative three-phase
modulation waves is derived, and a zero-sequence voltage injection
method is proposed for desired power distribution control. With the
proposed ALSPWM, the flexible power distribution between the
energy storage components and superior grid current control of the
SSMPI under time-varying dc input voltages, along with reduced
computational burden, are realized. Finally, the effectiveness of the
proposed ALSPWM scheme is verified on an SSMPI-connected
islanded microgrid platform.

Index Terms—Carrier-based modulation, islanded microgrid,
level-shifted pulsewidth modulation (LSPWM), multiport inverter,
power distribution, zero-sequence injection.
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I. INTRODUCTION

UE to the environmental concerns and continuous de-
D crease in the price, photovoltaic (PV) generation systems
have been extensively installed in recent years [1], [2]. How-
ever, these systems lack the capability of frequency support,
instantaneous reserve, and peak shaving provided by tradi-
tional synchronous generators, leading to stability challenges
of grid frequency in islanded microgrids [3], [4]. The battery
storage integration formed PV-battery hybrid system is an ef-
fective solution for these issues in islanded microgrids, which
have achieved vigorous development over the past decades [5],
(61, [71.

Single-stage multiport inverters (SSMPIs) have emerged as
a promising solution for the integration of PV and battery
to the ac microgrid because both sources can connect to the
ac microgrid directly without intermediate dc-dc converters,
featuring advanced merits of single-stage power conversion,
simple configuration, and low cost [8], [9], [10]. Moreover, due
to the removal of dc-dc converters with their bulky passive filters
and capacitors, the power density of the whole system is also
substantially increased [11], [12], [13]. The SSMPIs are also
easy to implement and can be directly derived from some mul-
tilevel converters, such as neutral-point-clamped (NPC) multi-
level converters [ 14], T-type multilevel converters [15], cascaded
H-bridge converters [16], [17], [18], and modular multilevel
converters [19].

Although the topology of SSMPI is similar to their counter-
parts of multilevel inverters in circuity, modulation and control
strategies cannot be directly implemented [20], [21]. The main
reason is that the port voltages of SSMPI are time-varying
with the state of charge of the battery and light intensity for
the PV, whereas those of the multilevel inverters are balanced.
Moreover, power distribution control between PV and battery
and the grid current control should be achieved simultaneously,
which imposes difficulties in controller and modulation scheme
design for SSMPIs.

In view of this, some research efforts have been conducted
to achieve power distribution and ac current control of the
SSMPIs by controller design. A control scheme beyond the
specific pluse width modulation (PWM) modulation [22] was
proposed for the power distribution of the SSMPIs. However,
four interfaced proportional-integer (PI) loops were required in
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this solution. Besides the linear controller-based solution, sev-
eral papers design the controller of SSMPI with multiobjective
control schemes. A model predictive control scheme with speci-
fied port power minimization is proposed in [23] to improve the
power conversion efficiency of SSMPIs. A direct model-based
controller was proposed for the power distribution between the
dc sources in [24] to simplify the controller design of SSMPIs. A
finite-control-set model predictive control (MPC) with flexible
power distribution for SSMPIs was proposed in [25]. Although
these strategies can realize the power distribution between the
energy sources to some extent, the controller-based solution
suffers from complex controller structure, heavy computational
burden, and complicated control parameter tuning processes
because of the strong nonlinearity and multivariable coupling
in the SSMPIs.

In the last few years, several modulation schemes have been
reported as an alternative solution to achieve power distribu-
tion and ac current control of the SSMPIs. A carrier-based
PWM was proposed to simplify the modulation design under
the asymmetrical dc-link voltages by modifying the magnitude
of the carrier waves [26]. A two-stage modulation strategy is
proposed to produce undistorted current even in the presence
of unevenly distributed space vectors [27]. A hybrid PWM
strategy composed of carried-based PWM and discontinuous
PWM is proposed to generate high-quality ac voltages [28]. A
modified space-vector PWM with coordination projection was
proposed to generate the desired control performance under
the unbalanced dc-link [29]. Although the above modulation
strategies are effective under unbalanced dc input voltage and
have presented benefits in system performance, these methods
cannot be applied to SSMPI directly due to the lack of power
distribution control capabilities.

Regarding power distribution issues of the SSMPI, several
research efforts have been conducted recently. An SSMPI an-
alytical model-based multiobjective vector modulation is pro-
posed for regulating dc-port power and ac output voltage si-
multaneously [30]. However, complicated multiobjective-based
calculations and coordinate transformation are unavoidable. An
adaptive PWM is proposed for desirable power distribution by
injecting the zero-sequence voltage into the common mode
voltage [31]. An additional PI controller was employed for
power flow control in the SSMPI by regulating the injected zero-
sequence component [32]. A precise model of port power and
the zero-sequence component was built in [33], and a deadbeat
controller was proposed for the power distribution control of
SSMPI. These works regulated the output power of the dc source
by utilizing the extra control freedom provided by the zero-
sequence components [31], [32], [33]. A virtual space-vector
PWM-based flexible power control was proposed in [34] and
[35], where power distribution between each port was regulated
by adjusting the proportion of the positive and negative small
vectors. However, the magnitude of positive and negative small
vectors was not equal in SSMPIs, and adjusting the proportion
of these vectors would affect the active voltage vector synthesis
and deteriorate the ac current control performance. A decoupled
circuit model by considering the SSMPI as upper and lower
inverters was proposed in [36], and a simplified carrier-based
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PWM solution was derived based on this decoupled model for
power distribution and current control in SSMPI. However, extra
switching losses were introduced in this decoupled model, and
deteriorated grid current was presented. Therefore, a simplified
carrier-based modulation with a well-regulated grid current is
still desired in the SSMPI.

The level-shifted pulsewidth modulation (LSPWM) provides
an attractive solution for low switching losses and high-quality
grid current. A carrier LSPWM strategy is proposed to balance
the neutral-point voltage [37]. A modified LSPWM strategy is
developed for realizing desired outputs under normal and switch
open fault modes [38]. A novel LSPWM is investigated to reduce
power losses and enhance the power quality at the grid side [39].
To balance dc input voltages and reduce voltage ripples, an
enhanced LSPWM has been studied in [40]. Unfortunately, the
aforementioned LSPWM strategies cannot be directly applied to
SSMPIs due to flexible power distribution under time-varying
dc input voltages not being addressed.

In view of this, this article proposes an asymmetric level-
shifted pulsewidth modulation (ALSPWM) scheme for the
SSMPI-connected islanded microgrid to deal with the time-
varying dc input voltages and requirement for power distribution
between the energy storage components. A unified expression
of the modulation signals with adaptive magnitude is proposed
to deal with pulse train generation under time-varying input
voltages. In the proposed ALSPWM scheme, a direct and
instantaneous power model based on three-phase modulation
waves is derived, and a zero-sequence injection method is put
forward for desired power distribution control. With the pro-
posed ALSPWM, the flexible power distribution between the
energy storage components with the desired grid current control
performance of the SSMPI is realized under time-varying dc
input voltages. Finally, the advantage of the proposed ALSPWM
scheme for SSMPI is verified by a comparative experimental
study of the islanded microgrid platform.

The rest of this article is organized as follows. The topol-
ogy and control strategy of the SSMPI-connected PV-battery
hybrid system is illustrated in Section II. Section III provides
the proposed ALSPWM-based power distribution strategy. The
simulation results are shown in Section IV. The experimental
tests are conducted in Section V. Finally, Section VI concludes
this article.

II. TOPOLOGY AND CONTROL STRATEGY OF
SSMPI-CONNECTED PV-BATTERY HYBRID SYSTEM

In this section, the topology of the SSMPI-connected PV-
battery hybrid system is introduced first. Then, the basic control
scheme for the SSMPI-connected PV-battery hybrid system is
reviewed.

A. Topology of SSMPI-Connected PV-Battery Hybrid System

The topology of the SSMPI-connected PV-battery hybrid
system is depicted in Fig. 1. The high-voltage (HV) dc port
is connected to the PV unit, and the low-voltage (LV) dc port
is connected to the battery. The dc-port voltages are defined as
Vi and V. And the currents of the PV-battery hybrid system
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Fig. 1. Topology of SSMPI-connected PV-battery hybrid system.
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Fig.2. Switching states and current paths in phase z. (a) S, = H, the PV unit
supports the AC grid. (b) S, = L, the battery releases/absorbs power to/from
the AC grid. (¢) S = 0, fly-wheel mode.

TABLE I
SWITCHING STATES AND OUTPUT VOLTAGES OF THE SSMPI

Sz1Sz2 | Switching state S;; | Output voltage
11 H Vy
01 L Vi
00 0 0

are 777 and 77,. The dc-side capacitors are assumed to be equal,
i.e., C1 = (. Then, the voltages of the dc-side capacitors can
be expressed as V), = Vi — Vi, and V5 = V. On the ac side,
the SSMPI connects to the point of common coupling via an LC
filter.

Each leg of the SSMPI has four active switches, i.e., Sy1, Sz2,
S.1, and Syo(x = a, b, c). Three different switching states S,
can be obtained as follows:

S:L’:H Sx1:175a:2:1
S:v =L Sa:l = Oa‘s’x2 =1 (1)
S, =0 S;1 =0,5,2=0.

Fig. 2 shows the switching states and current paths in phase
x: (a) S; = H, the PV unit supports the ac grid, (b) S, = L,
the battery releases/absorbs power to/from the ac grid, and (c)
S, = 0, fly-wheel mode. The output voltages are Vi, V1, and
0, respectively. The switching states and their corresponding
output voltages are given in Table I.

B. Control of SSMPI-Connected PV-Battery Hybrid System

Fig. 3 shows the block diagram of the control strategy for the
SSMPI-connected PV-battery hybrid system. On the dc side,
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Fig. 3. Block diagram of control strategy for SSMPI-connected PV-battery
hybrid system.
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Fig. 4.  Modulation signals for SSMPI. (a) Original three-phase modulation
signals with asymmetrical carriers. (b) Non-negative modulation signals.

the reference output power of the battery P; can be obtained
according to the power management strategy [41]. The SSMPI
is regulated as a grid-supporting power converter in this study.
Detailed grid supporting control structure can be found in [42],
including droop control, virtual impedance control, and voltage-
current double-loop control. The contribution of this study is
the proposed ALSPWM scheme, which will be detailed in
Section II1.

III. PROPOSED ALSPWM-BASED POWER DISTRIBUTION
SCHEME

As shown in Fig. 3, the implementation process of the pro-
posed ALSPWM includes three steps: asymmetrical carrier
waveform definition, unipolar modulation signal generation, and
zero-sequence-voltage injection. Detailed descriptions of each
step are given in the following text.

A. Asymmetrical Carrier Waveform

As shown in Fig. 1, the topology of the SSMPI is similar to the
traditional three-level neutral-point-clamped (3L-NPC) inverter.
The carrier waveforms in the SSMPI are level-shifted, and both
are in the same phase. However, unlike the symmetrically dis-
placed carrier waveform with respect to the zero-axis in 3L-NPC
inverters, the carrier waveforms are asymmetrical in SSMPI due
to the time-variable dc input voltages. The amplitudes of the two
carriers are proportional to the dc input voltages (Vyz — V) and
V1, respectively. The boundary line for the carrier waveform
can be derived as (V, — Vi /2), as shown in Fig. 4(a). When
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(2Vr, < V), the boundary line lies below the zero-axis, and the
amplitude of the top carrier waveform is larger than that of the
bottom one. When (2V, > Vj), the situation is contrary to the
former one. It is worth mentioning that when (2V, = V), the
boundary line is located on the zero-axis, and the amplitudes of
two carrier waveforms are equal to each other, which means that
the carrier waveform of the traditional three-level converter is
only a special case of the SSMPI. Due to space constraints, only
the detailed analysis of (2V}, > Vi) will be given in this article,
and the other case can be studied in a similar manner.

B. Unipolar Modulation Signal-Based Instantaneous Power
Model

As mentioned above, the modulation target of the SSMPI is
to track the desired port power reference. To achieve the desired
power distribution between the dc ports, the foremost step is
to deduce the instantaneous port power model based on the
modulation signals.

Assuming that the original three-phase modulation signals are
sinusoidal and defined as v,, vy, and v,, respectively, it can be
written as follows:

Vy = Uy, COS O
Vp = Uy cos (0 — 27/3) )
Ve = Uppy €08 (0 4 27/3)

where v,, is the amplitude of the phase voltage, and € is the
phase angle.

In this model, three variables (v,, vy, and v..) are determined
for the power distribution control, which is complicated. To
simplify the model, the unipolar modulation signal is derived
in this article. The modulation signals can be normalized to a
non-negative value as follows:

VUgm = Uz — Umin (3)

where Vimin = {Va, Vb, Ve }min-

As shown in Fig. 4, the modulation signal can be categorized
into six sections according to the value of v,,,. In each section,
the power distribution control can be analytically realized.

C. Zero-Sequence-Voltage Injection

In the proposed ALSPWM, zero-sequence voltage can be
properly injected into the modulation signal without affecting
the output converter voltage. This degree of freedom can be
employed for power distribution in SSMPI. After adding the
zero-sequence voltage v, (3) is replaced by the following:

vh = vpm + vo. 4)

The feasible span of the zero-sequence voltage that can be in-
jected is vg € [0, Vir — Vmax] and Umax = {Vaim, Vom s Vem fmax-

According to the results of v/, the analysis is performed in six
sections (i.e., S1-S6) shown in Fig. 4(b). For instance in Section
S1, the value of v/, satisfies v/, v; v,.. Only the detailed analysis
of the instantaneous power model in Section S1 is given here,
and the other case can be studied in a similar manner.
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Fig. 5. Switching state and output voltage of phase z. (a) Case I: v}, > V..
(b) Case II: v}, < VL.

The ALSPWM technique is considered to generate the switch-
ing pulses for the SSMPI. Two triangular carriers with equal fre-
quency are level-shifted above the zero-axis, whose amplitudes
are proportional to dc-port voltages. In one switching cycle,
the modulation signals with zero-sequence-voltage injection
intersect with upper or lower level-shifted carriers according
to the relationship of v/, and V7, as shown in Fig. 5. With the
graphical method, duty cycles for the lower switching pairs can
be derived as follows:

/_
17% if o, >V
dop =3, ViV 5)
72 if’U;<VL.

Therefore, the output voltage of the LV dc port can be denoted
as follows:
e(Vg — ) ifvl, > Vg

Vpr, = Vider = { b

vl if o), <V, ©®

where ¢ = V,/Vg — V.. The area of shaded regions in Fig. 5
represents the output voltage of the LV dc port.

Generally, phase current contributes to the LV dc port if and
only if this phase is connected to the LV dc port. Assuming that
the frequency of the carrier waveform is much higher than that
of modulation signals, the phase current can be considered as a
fixed value in a switching cycle. The instantaneous output power
of the LV dc port can be written as follows:

Po= > i ™

r=a,b,c

where i,z € {a,b,c} is the phase current.

To be general, the modulation index is set to a small value
for analysis. The modulation signals meet the relationship of
vy, > vy > v, in Section S1. In this section, (4) can be rewritten
as follows:

v, = Vp — Ve + Vo (8)

!
UV, = Vg — Ve + Vg
/
U/

= Vo-

Taking the value of V7, into consideration, the power distri-

bution in SSMPI can be divided into four cases, as shown in
Table II. In the following text, the four cases are analyzed one
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TABLE II
MODULATION SIGNALS IN SECTION S1

Case Condition Port Power Distribution
1 VL >, > v, >, No available
n vy, >V > v > ), Yes
m | o), > v; >V >l Yes
v vy, > vy > v, >V No available

by one to clarify the idea of the proposed ALSPWM for power
distribution.

1) Case I: In this case, the output voltage of the LV dc port
v,1, can be denoted as follows:

VoL, = Vg — Ve + Vo
Vb = Vp — Ve + Vg )
Ve, = V-

The instantaneous output power of the LV dc port can be
written as follows:

Pr, = var1iq + Vprip + Veric
= (Vg — Ve)iq + (Vb — Ve )iy + 0o (i + b +1c).  (10)

AS i, +ip + 2. = 0 is satisfied in a three-phase three-wire
system, Pr, can be rewritten as follows:

P = (vg — ve)ig + (vp — ve)ip. an

Therefore, the port power is not adjustable by regulating vg in
Case I due to the lack of control freedom.

2) Case II: In this case, the output voltage of the LV dc port
v, 1, can be denoted as follows:

Var, = e(Vg — vq — vo + v.)
Vp, = Vp — Ve + Vo (12)
Vel = Vp.-

The instantaneous output power of the LV dc port can be
written as follows:

PL = VgLlq + VpLib + VeLlc
=e(Vg — vq + 0e)iq + (v — ve)ip — (1 4 €)vgiy. (13)
The desired zero-sequence voltage vg for power distribution
can be calculated by setting Py, = Py
e(Va —vq + ve)iag + (v — ve)ip — Pf
(1+¢e)iq '
3) Case III: In this case, the output voltage of the LV dc port
v,1, can be denoted as follows:

vo = (14)

Var, = (Vg — vq + ve — vg)
vpr, = (Vg — vp + ve — ) (15)
VeI, = V0.

The instantaneous output power of the LV dc port can be
written as follows:

Pr, = variq + vprip + Verlc

=e(VE — va +ve)ia + (Vi — vy +ve)ip + (1 + &)vpie.
(16
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The desired zero-sequence voltage vy for power distribution
can be calculated by setting Pr, = P;
(Vg +ve)ic + evalq + evyiy + Pf

vy = 0+ o). a7

4) Case IV: In this case, the output voltage of the LV dc port
v,1, can be denoted as follows:

Var, = (Vg — vq + ve — vg)
vpr, = (Vg — vp + ve — v0) (18)
Vel, = €(VH — Uo).

The instantaneous output power of the LV dc port can be
written as follows:

Pr = variq + Vprtp + Veric
=e((—va 4+ ve)iq + (—vp + ve)ip)
-‘rE(VH —UQ)(ia+ib+ic). (19)

As iq +ip + 1. = 0 is satisfied in a three-phase three-wire
system, Pr, can be rewritten as follows:

P, =ce((—vq + ve)iqg + (—vp + ve)ip) - (20)

Therefore, the port power is also not adjustable by regulating
vg in Case IV due to the lack of control freedom.

In conclusion, the instantaneous port power cannot be reg-
ulated in Cases I and IV due to the nonexistence of control
freedom. The instantaneous port power can be regulated in
Cases II and III via properly zero-sequence voltage injection.
The process of the proposed method with zero-sequence-voltage
injection is illustrated in Fig. 7.

D. Power Distribution Capability Analysis

According to the above discussion, the proposed power dis-
tribution method is achieved by injecting zero-sequence voltage
in Cases II and III. Therefore, zero-sequence voltage vy should
meet some constraints to avoid unavailable power distribution
in Cases [ and I'V.

Considering Case I of the proposed scheme in Fig. 6, the
maximum value of modulation signals vm,x should exceed V7,
via the zero-sequence-voltage injection so that Case I can turn
into Case II. Therefore, the lower bound of vy can be calculated
as follows:

vg 2> VI — Unmax- 21

In Case IV of the proposed scheme, the modulation signals
cannot intersect the lower carrier due to the zero-sequence-
voltage injection, resulting in fixed output power of the LV dc
port. To avoid this case, the upper bound of vy should be limited
as follows:

vo < V. (22)

Besides, in order to ensure the SSMPI operates in line mod-
ulation range, the range of vy can be written as follows:

0<vy <Vy — Umax- (23)
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Fig. 6. Switching sequences of the SSMPI in Section S1 under four cases.
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Fig.7. Block diagram of the proposed ALSPWM with zero-sequence-voltage
injection.

Combining (21) to (23), the range of v is calculated as follows:

V0 min S Vo S VOmax (24)

where  vopin = {07 Vi — Umax}max and  Vomax = {VL7 Vi —
'Umax}min'

Substituting (24) into (13) and (16), the maximum and min-
imum output power of the LV dc port can be calculated and
determines the power distribution range. The power distribution
range of Cases II and III shares a boundary line, which is related

12299
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Fig. 9. LV DC port power ratio ny, versus different modulation index m.

to the condition that vy, in (12) and (18) are equal, as shown in

Fig. 8.
The port power ratio is expressed as follows:
P
=5 (25)

where P defines the total active power of the energy source
system. Ignoring the power losses, P is equivalent to the active
power on the ac side, which is calculated as follows:

P = vgiq + vpip + Vel (26)

Fig. 8 shows LV dc port power ratio 7z, versus different port
voltage ratios V7, /Vy. As shown in Fig. 8, the LV dc port is
able to support the microgrid independently when V;, = \/éVg*,
i.e., 1, = 1 can be achieved. When (V, < \/éVg*), the range
of the LV dc port power ratio increases with the rise in the port
voltage ratio, which means an enhanced output power capability
on the LV dc port. When (V7 > \/EVJ), the power distribution
range decreases with the increase of the port voltage ratio. In
the SSMPI system, a wider power distribution range implies
an expanded scope of applicability. Considering this, the port
voltage ratio is recommended to be set at 0.6-0.8 for a wider
power distribution range for the SSMPI.
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TABLE III
PARAMETERS OF THE SSMPI-CONNECTED PV-BATTERY HYBRID SYSTEM

Low voltage
High voltage
DC-side capacitance

Vi = 160—240V
Vg = 400V
C1 = C2 =4920 uF
LC-Filter inductance Li/R1 =3 mH/04 Q
LC-Filter capacitance C =15 uF
Sampling period/frequency 71 = 100 ps/fs = 10 kHz

Rated ac-side voltage Vg =110V
Rated ac-side frequency fq =50 Hz
Rated ac-side active power P* = 1000W
Rated ac-side reactive power Q" =0 var

200
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Fig. 10.  Simulation results under asymmetrical DC-port voltages. From top to

bottom, waveform is AC-side voltage u 4, three-phase current 74, phase voltage
v N, and line-to-line voltage v,p,.

Fig. 9 shows LV dc port power ratio n;, versus different
modulation index m. The modulation index is defined as m =
2\/§Vg" /Vy. The power ratio curves in Fig. 9 are obtained
in the case of port voltage ratio V7, /Vy = 0.5. As the mod-
ulation index m increases, the port power distribution range
decreases. The essential reason is that the degree of freedom
provided by the zero-sequence voltage vy decreases with the
increase of modulation index m. The system enjoys a large
power distribution range when the modulation index is set to
a small value. When m < my, the LV dc port is able to supply
the ac side independently, i.e., 7, = 1 can be obtained. However,
the utilization rate of dc-side voltage would be reduced with a
small modulation index m. Hence, the tradeoff between power
distribution range and utilization rate of dc-side voltage should
be considered. In this study, the modulation index m is set
as 0.78.

IV. SIMULATION RESULTS

Simulation tests have been conducted in the MAT-
LAB/Simulink environment to validate the effectiveness of the
proposed power distribution strategy. Table III shows the pa-
rameters of the SSMPI-connected PV-battery hybrid system.
The dc-side capacitors are utilized to absorb the high-frequency
components of dc-side current. The LC filter is adopted to
improve the ac-side current quality, and the design rules can be
found in [43] and [44]. The rated ac-side active/reactive power
is set as P* = 1000 W/Q* = 0 var.
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Fig. 11. Simulation results of the different power distribution cases under

V1 < V. From top to bottom, waveform is DC-port output power Prr/Pr,,
AC-side voltage u 44, AC-side current 444, phase voltage v, v, and line-to-line
voltage vgp-

Fig. 10 shows the simulation results under asymmetrical dc-
port voltages. From top to bottom, waveform is ac-side voltage
Ugq, three-phase current 74, phase voltage v, and line-to-line
voltage vqp. In Fig. 10, the voltages of the LV dc port are
set as 160, 200, and 240 V, respectively. The phase voltage
and line-to-line voltage are unbalanced under asymmetrical
dc-port voltages. Though dc-port voltages are asymmetrical,
high-quality ac-side voltage and current can be achieved.

Fig. 11 shows the simulation results of the different power
distribution cases under V; < V5. From top to bottom, waveform
is dc-port output power Py /Py, ac-side voltage Ugq, ac-side
current %4,, phase voltage v, , and line-to-line voltage v4y. In
Fig. 11, the reference power of the HV dc port is set as 800, 1000,
and 1200 W, respectively. Under different power distribution
cases, the HV dc-port output power Py is precisely controlled.
Ripple power is concentrated in the LV dc port. In addition,
desirable ac-side voltage and current have been obtained.

The simulation results in Figs. 10 and 11 indicate that the
proposed strategy is effective for asymmetrical dc-port voltages
and different power distribution cases.

V. EXPERIMENTAL RESULTS

A downscaled experimental test rig is established in the
laboratory to verify the proposed ALSPWM strategy, which
is depicted in Fig. 12. The system parameters are given in
Table III. Two programmable dc sources are employed as the
PV-battery hybrid energy storage components. The ac load is
selected as a resistance box that is connected to the SSMPI via
the LC filter. The SSMPI is implemented by three insulated-gate
bipolar transistors power modules (Infineon F3L75R07W2E3).
A dSPACE MicroLabBox DS1202 is used to implement the
control algorithm and generate the switching signals. The sam-
pling period/frequency is selected as Ts = 100 us/fs = 10 kHz.
The switching frequency of SSMPI is also set as 10 kHz. A
multichannel oscilloscope is used to acquire the experimental
waveform.
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Fig. 12.

The steady-state results under asymmetrical dc-port voltages
and different power distribution cases are given first. Then, the
dynamic tests of variable dc-port power and ac-side power are
carried out. Finally, the comparative tests between the previous
strategy and the proposed strategy are presented.

A. Steady-State Results

The steady-state performance of the proposed strategy is
investigated, including tests with asymmetrical dc-port voltages
and variable power distribution. The experimental tests are
conducted in the case of rated ac-side power.

1) Steady-state performance under asymmetrical dc-port volt-
ages: Fig. 13 shows the steady-state performance under asym-
metrical dc-port voltages: (a) in the case of V; > V5, (b) in the
case of V; = V5, and (c) in the case of V; < V5. From top to
bottom, waveform is line-to-line voltage v, phase voltage v, n,
ac-side voltage u4,, and ac-side current %4,. The voltage of the
HV dc port is set to Vg = 400 V. And the voltages of the LV
dc port are set to V7, = 160, 200, and 240 V in Fig. 13(a), (b),
and (c), respectively. The total harmonic distortions (THDs) of
ac-side current are also given. The ac-side current THDs are
2.75%,2.73%, and 2.73% in Fig. 13(a), (b), and (c), respectively.
The high-quality ac-side currents indicate that the proposed
strategy is effective for asymmetrical dc-port voltages.

2) Results under different power distribution cases: Fig. 14
shows steady-state performance of the different power distri-
bution cases under V; < V5: (a) Py = 800 W, P, = 200 W,
(b) Py = 1000 W, P, =0 W, and (c) Py = 1200 W, P, =
—200 W. From top to bottom, waveform is dc-port output power
P/ Pp, ac-side voltage/current ug, /144, and phase voltage
Van /UbN /Ven - InFig. 14(a), the HV dc port tracks the reference
power value 800 W as desired, and the output power of the LV
dc port is 200 W. The ac-side power is supported by the HV dc
port alone in Fig. 14(b). In Fig. 14(c), the HV dc port supplies
power to the ac-side and charges to the LV dc port. Although
power distribution conditions are different in Fig. 14, beneficial
ac-side voltage/current and phase voltage can be achieved. From
the zoom-in figure, the switching sequences of SSMPI are con-
sistent with the theoretical analysis in Section III. The proposed
ALPWM strategy outputs seven-segment PWM signals. It can
be concluded that flexible power distribution can be achieved by
the proposed strategy.
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B. Dynamic Results

Apart from the steady-state tests, the dynamic tests are also
carried out to verify the effectiveness of the proposed method.
In this study, the variable dc-port power and ac-side power tests
are investigated.

1) Dynamic results of variable dc-port power with constant
ac-side power: Fig. 15 gives the dynamic results of variable
dc-port power with Py reference stepped from 800 W to 1200 W
then stepped back to 800 W. From top to bottom, the wave-
form is dc-port output power Py /Py, ac-side voltage/current
Uga/1ga, and phase voltage v, N /vyn /Ven. The HV port power
Py changes from 800 W to 1200 W, then changes to 800 W.
Accordingly, the LV port power P;, changes from 200 W to
—200 W, then changes to 200 W. The dc-port power changes
instantaneously as desired. This test is conducted in the case of
rated ac-side power. Desirable ac-side voltage and current can be
guaranteed, even in the dynamic moment. Hence, the proposed
method has fast dynamic performance in the case of variable
dc-port power.

2) Dynamic results of variable ac-side power tests: Fig. 16
shows the dynamic results of variable dc-port power with Pgy
reference stepped from 800 W to 1200 W then stepped back
to 800 W. From top to bottom, the waveform is dc-port out-
put power Py /Py, ac-side voltage/current w,, /744, and phase
voltage v, n /vpn /Ven- The HV dc port power is regulated as
1000 W to simulate the constant PV generation system. When
the ac-side power changes from 1000 W to 375 W, the LV dc port
isused to absorb the excess power. Similar results can be realized
when the ac-side power changes from 375 W to 1000 W. Once
the ac-side power increases or decreases, the ac-side current
changes rapidly. Though ac-side power has changed, beneficial
ac-side voltage and phase voltage can be ensured. Therefore,
the proposed method has smooth dynamic performance under
variable ac-side power.

C. Comparison Results

The comparative tests between the previous and the proposed
strategies are presented, including the THD of ac-side current,
computational burden, and power conversion efficiency.

1) THD of ac-side current: Fig. 17 gives the ac-side current

fast Fourier transform (FFT) results: (a) Proposed method,
(b) previous method [36]. From top to bottom, the wave-
form is ac-side current ¢4, and its spectrum. The ac-side
current THDs of the proposed method and the previous
method [36] are 2.74% and 2.96%, respectively. Hence,
the proposed method provides higher grid-side current
quality than the previous method [36].

2) Computational burden: As shown in Fig. 18, the exe-
cution time of the proposed method and the previous
method [36] are obtained by the dSPACE profiler 3.8.
The proposed method and the previous method [36] have
the same execution time of A/D and other calculation
processes in the hardware layer. As for the execution
time of the modulation and power control algorithm, it
costs 10.01 ps and 11.32 us to carry out the proposed
method and the previous method. Therefore, 13.09%
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3)

computational burden reduction can be realized by the
proposed method.

Power conversion efficiency: The power conversion effi-
ciency is utilized to describe the power loss, which is cal-
culated by the power analyzer YOKOGAWA WT1803E.
The power conversion efficiency test circuit is shown in
Fig. 19. Where W3 and W5 are the dc-side input power,
W3 and W, indicate the ac-side output power. Then, the
system efficiency 7, can be calculated as follows:

. W3 + Wy
s W1+W2.

Fig. 20 gives the power conversion efficiency of the pro-
posed method and the previous method [36] with different
de-port voltage ratios V7, / V. The results in Fig. 20 reflect
the efficiency of SSMPI in the case of variable dc input
voltages. As shown in Fig. 20, the power conversion
efficiency of the proposed method (blue line) is about
0.5% higher than that of the previous method (red line).

27

The reason is that the switching actions of the proposed
method are fewer than those of the previous method.

4) Dynamic response time: Fig. 21 shows the dynamic
response time of different methods: (a) previous
method [36], (b) proposed method. These tests are carried
out under the condition of HV dc-port power Py changes
from 1200 W to 800 W. As shown in Fig. 21(a), the
dynamic response time of the previous method [36] is
around 15 ms. In the proposed method, the HV dc-port
power Py instantaneously changes from 1200 W to 800 W
due to power distribution being directly realized in the
modulation layer.

D. Overall Comparison With the Previous Strategy

Table IV shows the comparison of the power distribution
strategies for SSMPI, including current THD, computational
burden, efficiency, and dynamic response. In [30], the computa-
tional burden is large due to complicated multiobjective-based
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TABLE IV
COMPARISON OF THE POWER DISTRIBUTION STRATEGIES FOR SSMPI

Current ~ Computational . Dynamic

REF THD blI;I'deIl Efficiency reZponse
[26] Good Large High Fast
[271-[29] Good Medium High Slow
[30], [31] Medium Large High Slow
[32] Medium Medium Low Slow
Proposed Good Small High Fast
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Fig. 18. Tested execution time of the proposed method and the previous
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calculations being unavoidable. The dynamic response in [31],
[32], and [33] is slow because of the outer power control loop.
In [34] and [35], regulating redundant small vectors would
deteriorate the ac current control performance and increase the
computational burden. A power decoupled model is proposed
in [36], which causes extra switching losses and reduces current
quality. In the proposed ALPWM, good current THD and a small
computational burden can be realized. The proposed strategy
also offers high system efficiency. In addition, the dynamic
response is fast due to power distribution being realized in the
modulation layer.

VI. CONCLUSION

This article proposes an ALSPWM scheme for flexible power
distribution of the SSMPI-connected islanded microgrid under
time-varying dc input voltage. An instantaneous power model
based on three-phase modulation waves is derived, and a precise
zero-sequence injection method is put forward for desired power
distribution control. Besides, a unified expression of the modu-
lation signals with proportional variable magnitude is proposed
to deal with pulse train generation under time-varying input
voltages. As a result, the flexible power distribution between
the energy storage components is realized with the desired
grid current control performance under time-varying dc input
voltage. Experimental results verified that the proposed AL-
SPWM scheme has the following advantages compared with
the previous method [36].

1) The power conversion efficiency of the proposed scheme

is 0.5% higher than that of the previous method.

2) The steady-state THD value is improved by 8.03% at the

rated operating point.

3) The computational burden can be reduced by 13.09%.

4) The dynamic response time can be reduced by 15 ms.

However, the leakage current generated by the PV unit in
SSMPI, which results in current distortion, electromagnetic
interface, and safety issues, still calls for future work.

REFERENCES

[1] F. Nejabatkhah and Y. W. Li, “Overview of power management strategies
of hybrid AC/DC microgrid,” IEEE Trans. Power Electron., vol. 30, no. 12,
pp. 7072-7089, Dec. 2015.

[2] Y.Han,K.Zhang,H.Li, E. A. A. Coelho, and J. M. Guerrero, “MAS-based
distributed coordinated control and optimization in microgrid and micro-
egrid clusters: A comprehensive overview,” IEEE Trans. Power Electron.,
vol. 33, no. 8, pp. 6488-6508, Aug. 2018.

[3] D. E. Olivares et al., “Trends in microgrid control,” /EEE Trans. Smart
Grid, vol. 5, no. 4, pp. 1905-1919, Jul. 2014.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

[4] H. Han, X. Hou, J. Yang, J. Wu, M. Su, and J. M. Guerrero, “Review of
power sharing control strategies for islanding operation of AC microgrids,”
IEEE Trans. Smart Grid, vol. 7, no. 1, pp. 200-215, Jan. 2016.

[5] Q. Zhang and K. Sun, “A flexible power control for PV-battery hybrid
system using cascaded H-bridge converters,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 7, no. 4, pp. 2184-2195, Dec. 2019.

[6] J. Wang, K. Sun, C. Xue, T. Liu, and Y. Li, “Multi-port DC-AC converter
with differential power processing DC-DC converter and flexible power
control for battery ESS integrated PV systems,” IEEE Trans. Ind. Electron.,
vol. 69, no. 5, pp. 4879-4889, May 2022.

[7] X.Zhang, B. Wang, D. Gamage, and A. UKkil, “Model predictive control
based dynamic power loss prediction for hybrid energy storage system in
DC microgrids,” IEEE Trans. Ind. Electron., vol. 69, no. 8, pp. 8080-8090,
Aug. 2022.

[8] J. Ebrahimi, O. Salari, S. Eren, K. H.-Zaad, A. Bakhshai, and P. Jain,
“Efficiency improved multi-source inverter for hybrid energy storage
systems in electric vehicle application,” IEEE Trans. Power Electron.,
vol. 37, no. 2, pp. 1982-1997, Feb. 2022.

[9] Z.Huang, D. Zhou, Z. Shen, and J. Zou, “Directed graph-based topology
derivation method for single-stage multiport inverters,” IEEE Tran. Power
Electron., vol. 38, no. 11, pp. 14 614-14 627, Nov. 2023.

[10] Z. Huang, D. Zhou, L. Wang, Z. Shen, and Y. Li, “A review of single-
stage multiport inverters for multisource applications,” IEEE Trans. Power
Electron., vol. 38, no. 5, pp. 6566-6584, May 2023.

[11] S. Neira, J. Pereda, and F. Rojas, “Three-port full-bridge bidirectional
converter for hybrid DC/DC/AC systems,” IEEE Trans. Power Electron.,
vol. 35, no. 12, pp. 13 077-13 084, Dec. 2020.

[12] D.Zhou, K. Luo, Z. Shen, and J. Zou, “Vector-space-decomposition-based
power flow control of single-stage-multiport-inverter-fed PMSM drive
for hybrid electric vehicles,” IEEE Trans. Ind. Electron., vol. 71, no. 8,
pp. 8514-8524, Aug. 2024.

[13] K. Liao, D. Zhou, Z. Shen, and J. Zou, “A dual-DC-port rectifier with
active power ripple suppression under unbalanced grid conditions,” /[EEE
Trans. Power Electron., vol. 39, no. 6, pp. 7481-7491, Jun. 2024.

[14] H. R. Teymour, D. Sutanto, K. M. Muttaqi, and P. Ciufo, “Solar PV and
battery storage integration using a new configuration of a three-level NPC
inverter with advanced control strategy,” IEEE Trans. Energy Convers.,
vol. 29, no. 2, pp. 354-365, Jun. 2014.

[15] J. Wang, Y. Xing, H. Wu, and T. Yang, “A novel dual-DC-port dynamic
voltage restorer with reduced-rating integrated DC-DC converter for wide-
range voltage sag compensation,” [EEE Trans. Power Electron., vol. 34,
no. 8, pp. 7437-7449, Aug. 2019.

[16] H. Xue and J. He, “Flexible power control for extending operating range of
PV-battery hybrid cascaded H-bridge converters under unbalanced power
conditions,” IEEE Trans. Ind. Electron., vol. 70, no. 8, pp. 8118-8128,
Aug. 2023.

[17] Y. Hu, X. Zhang, W. Mao, T. Zhao, F. Wang, and Z. Dai, “An optimized
third harmonic injection method for reducing DC-link voltage fluctuation
and alleviating power imbalance of three-phase cascaded H-bridge photo-
voltaic inverter,” IEEE Trans. Ind. Electron., vol. 67, no. 4, pp. 2488-2498,
Apr. 2020.

[18] Y. Yu, G. Konstantinou, B. Hredzak, and V. G. Agelidis, “Power balance
of cascaded H-bridge multilevel converters for large-scale photovoltaic
integration,” IEEE Trans. Power Electron., vol. 31, no. 1, pp. 292-303,
Jan. 2016.

[19] L. Zhang, Y. Tang, S. Yang, and F. Gao, “Decoupled power control
for a modular-multilevel-converter-based hybrid AC-DC grid integrated
with hybrid energy storage,” IEEE Trans. Ind. Electron., vol. 66, no. 4,
pp. 2926-2934, Apr. 2019.

[20] L. Liu, D. Zhou, J. Zou, and Z. Shen, “Opposite vector modulation-
based bidirectional power allocation for single-stage multiport inverter-
connected hybrid energy storage system,” IEEE Trans. Power Electron.,
early access, Mar. 12, 2024, doi: 10.1109/TPEL.2024.3376356.

[21] D. Zhou, Z. Zhang, Z. Shen, and J. Zou, “Modulated model pre-
dictive control of multisource inverters with flexible power distri-
bution,” [EEE Trans. Ind. Electron., early access, Mar. 22, 2024,
doi: 10.1109/TIE.2024.3374397.

[22] C. Yan, D. Xu, and W. Chen, “General control scheme for a dual-
input three-level inverter,” IEEE Trans. Power Electron., vol. 34, no. 2,
pp. 1838-1850, Feb. 2019.

[23] D. Zhou, J. Wang, Y. Li, J. Zou, and K. Sun, “Model predictive power
control of grid-connected quasi single-stage converters for high-efficiency
low-voltage ESS integration,” IEEE Trans. Ind. Electron., vol. 69, no. 2,
pp. 1124-1134, Feb. 2022.


https://dx.doi.org/10.1109/TPEL.2024.3376356
https://dx.doi.org/10.1109/TIE.2024.3374397

ZHOU et al.: ALSPWM-BASED POWER DISTRIBUTION CONTROL OF SSMPI-CONNECTED ISLANDED MICROGRIDS 12305

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

L. Liu, D. Zhou, J. Zou, Z. Shen, and X. Fu, “Direct duty cycle
control-based power allocation strategy for single-stage multiport inverter
in islanded microgrid,” IEEE Trans. Power Electron., vol. 38, no. 12,
pp. 14 956-14 967, Dec. 2023.

C. Xue, J. Wang, and Y. Li, “Model predictive control for grid-tied multi-
port system with integrated PV and battery storage,” IEEE Trans. Smart
Grid, vol. 13, no. 6, pp. 4596-4609, Nov. 2022.

J. Wang, H. Wu, T. Yang, L. Zhang, and Y. Xing, “Bidirectional three-phase
DC-AC converter with embedded DC-DC converter and carrier-based
PWM strategy for wide voltage range applications,” IEEE Trans. Power
Electron., vol. 66, no. 6, pp. 4144—4155, Jun. 2019.

D. Zhou, L. Ding, and Y. R. Li, “Two-stage model predictive control of
neutral-point-clamped inverter-fed permanent-magnet synchronous motor
drives under balanced and unbalanced dc links,” IEEE Trans. Ind. Elec-
tron., vol. 68, no. 5, pp. 3750-3759, May 2021.

X. Wu, G. Tan, G. Yao, C. Sun, and G. Liu, “A hybrid PWM strategy for
three-level inverter with unbalanced DC links,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 6, no. 1, pp. 1-15, Mar. 2018.

H. Wu, J. Wang, T. Liu, T. Yang, and Y. Xing, “Modified SVPWM-
controlled three-port three-phase AC-DC converters with reduced power
conversion stages for wide voltage range applications,” IEEE Trans. Power
Electron., vol. 33, no. 8, pp. 6672—-6686, Aug. 2018.

E. Fedele, A. Cervone, I. Spina, D. Iannuzzi, and A. D. Pizzo, “Multiobjec-
tive vector modulation for improved control of NPC-based multi-source
inverters in hybrid traction systems,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 10, no. 6, pp. 7464-7474, Dec. 2022.

M. M. Hashempour, M.-Y. Yang, and T.-L. Lee, “An adaptive control
of DPWM for clamped-three-level photovoltaic inverters with unbal-
anced neutral-point voltage,” IEEE Trans. Ind. Appl., vol. 54, no. 6,
pp. 6133-6148, Nov. 2018.

L. Liu, D. Zhou, J. Zou, and W. Wang, ‘“Zero-vector-regulation-
based closed-loop power distribution strategy for dual-DC-port DC-AC
converter-connected PV-battery hybrid systems,” IEEE Trans. Power
Electron., vol. 38, no. 6, pp. 6956—6968, Jun. 2023.

D.Zhou, K. Luo, Z. Shen, and J. Zou, “Deadbeat power distribution control
of single-stage multiport inverter-fed PMSM drive for hybrid electric
vehicles,” IEEE Trans. Power Electron., vol. 38, no. 6, pp. 7586-7597,
Jun. 2023.

J. Wang, K. Sun, D. Zhou, and Y. Li, “Virtual SVPWM-based flexible
power control for dual-DC-port DC—AC converters in PV-battery hybrid
systems,” IEEE Trans. Power Electron., vol. 36,n0. 10, pp. 1143111443,
Oct. 2021.

J. Zhu, H. Wu, J. Huang, M. Hua, L. Li, and Y. Xing, “A dual-DC
output three-phase three-level AC-DC converter for low-frequency pulsed
power decoupling applications,” IEEE Trans. Ind. Electron., vol. 69, no. 1,
pp. 52-63, Jan. 2022.

L. Liu, D. Zhou, J. Zou, and W. Wang, “Decoupled modeling and wide-
range power distribution strategy for the multisource inverter in micro-
grids,” IEEE Trans. Power Electron., vol. 38, no. 10, pp. 12 078-12 090,
Oct. 2023.

C.R.-Clemente, E. R.-Cadaval, M. R.-Cortés, and O. Husev, “Carrier level-
shifted based control method for the PWM 3L-T-type qZS inverter with
capacitor imbalance compensation,” IEEE Trans. Ind. Electron., vol. 65,
no. 10, pp. 8297-8306, Oct. 2018.

S. Xu, J. Zhang, G. Ma, Z. Sun, K. Liu, and C. Yao, “Operation of a seven-
level T-type active neutral-point-clamped converter with modified level-
shifted PWM,” IEEE Trans. Ind. Electron., vol. 68, no. 11, pp. 10 970-
10 981, Nov. 2021.

S. P. Biswas, M. S. Anower, S. Haq, M. R. Islam, M. A. Rahman, and
K. M. Muttaqi, “A new level shifted carrier based PWM technique for a
cascaded multilevel inverter based induction motor drive,” IEEE Trans.
Ind. Appl., vol. 59, no. 5, pp. 5659-5671, Sep. 2023.

T. Younis, P. Mattavelli, P. Magnone, I. Toigo, and M. Corradin, “Enhanced
level-shifted modulation for a three-phase five-level modified modular
multilevel converter (MMC),” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 10, no. 1, pp. 704-716, Feb. 2022.

T. Sutikno, W. Arsadiando, A. Wangsupphaphol, A. Yudhana, and M.
Facta, “A review of recent advances on hybrid energy storage sys-
tem for solar photovoltaics power generation,” IEEE Access, vol. 10,
pp. 42 34642 364, 2022.

J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, “Control of power
converters in AC microgrids,” IEEE Trans. Power Electron.,vol. 27,no. 11,
pp. 4734-4749, Nov. 2012.

[43] K. Jalili and S. Bernet, “Design of LC'L filters of active-front-end two-
level voltage-source converters,” IEEE Trans. Ind. Electron., vol. 56,1n0. 5,
pp- 1674-1689, May 2009.

[44] A. A. Rockhill, M. Liserre, R. Teodorescu, and P. Rodriguez, “Grid-filter
design for a multimegawatt medium-voltage voltage-source inverter,”
IEEE Trans. Ind. Electron., vol. 58, no. 4, pp. 1205-1217, Apr. 2011.

Dehong Zhou (Senior Member, IEEE) received the
B.Sc. and Ph.D. degrees in control science and en-
gineering from the Huazhong University of Science
and Technology, Wuhan, China, in 2012 and 2016,
respectively.

From 2016 to 2018, he was a Postdoctoral Research
Fellow with Nanyang Technological University, Sin-
gapore. From 2018 to 2020, he was a Postdoctoral
Fellow with the University of Alberta, Canada. Since
2020, he has been a Full Professor with the School
of Automation Engineering, University of Electronic
Science and Technology of China (UESTC), Chengdu, China, and Shenzhen
Institute for Advanced Study, UESTC, Shenzhen, China. His research interests
include power electronics and motor drives.

Lijie Liu (Graduate Student Member, IEEE) was
born in Chongging, China. He received the B.S.
degree in automation in 2018 from the Univer-
sity of Electronic Science and Technology of China

[ 2 ﬁ (UESTC), Chengdu, China, where he is working to-
b y ward Ph.D. degree in control science and engineering
—_— with the School of Automation Engineering.

His current research interests include power elec-

‘ g ‘ tronics and power converters.
3

Yinghua Mao (Student Member, IEEE) was born
in Guangxi, China. She received the B.S. degree in
automation from Central South University, Changsha,
China, in 2021. She is currently working toward the
M.S. degree in electronic and information engineer-
ing with Shenzhen Institute for Advanced Study, the
University of Electronic Science and Technology of
China (UESTC), Shenzhen, China.

Herresearch interests include multisource inverters
and motor drives.

Jianxiao Zou (Member, IEEE) received the B.S.,
M.S., and Ph.D. degrees in control science and en-
gineering from the University of Electronic Science
and Technology of China (UESTC), Chengdu, China,
in 2000, 2003, and 2009, respectively.

He was a Visiting Scholar with the University of
California, Berkeley, CA, USA, in 2010, and a Senior
Visiting Professor with Rutgers, the State University
of New Jersey, New Brunswick, NJ, USA, in 2014. He
is currently a Professor with UESTC, and has been
the Vice Dean of Shenzhen Institute for Advanced
Study, UESTC since 2020. His current research interests include control theory
and control engineering, renewable energy control technologies, and intelligent
information processing and control.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


