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Abstract:

This paper presents a cascaded-multilevel-inverter-
based motor drive system with integrating energy
source and segmented energy storage. . Recently, cas-
caded multilevel inverters with single energy source
and multiple capacitors as energy storage for motor
drive applications. In particular, it can achieve an ef-
fective real power distribution between the energy
source, the energy storage, and the electric motor by
an autonomous power regenerative control system. .

An autonomous power regenerative control system
including voltage balancing control of segmented en-
ergy storage is developed to reduce the adverse effect
of power transients on energy sources, recover the
regenerative power from the motor, and improve the
system dynamic performance and power quality, per-
form the smooth power transition between different
operation modes and provide accurate speed track-
ing . A 5.5-kW permanent-magnet synchronous motor
(PMSM) drive system has been built in the laboratory.
Simulation results are provided to demonstrate the ef-
fectiveness of the proposed motor drive system.

Index Terms:

Operation mode analysis, Autonomous power regen-
erative control, cascaded multilevel inverter, electric
motor, energy storage, objective capacitor voltage
control,series individual capacitor voltage balancing
control,parallel cluster capacitor voltage balancing
control.

LINTRODUCTION:

One more alternative for a multilevel inverteris the cas-
caded multilevel inverter or series H-bridge inverter.

Volume No: 2 (2015), Issue No: 4 (April)

Kandlakoya(v), Hyderabad.

Kandlakoya(v), Hyderabad.

The series H-bridge inverter appeared in 1975. Cascad-
ed multilevel inverter was not fully realized until two
researchers, Lai and Peng. They patented it and pre-
sented its various advantages in 1997. Since then, the
CMI has been utilized in a wide range of applications.
With its modularity and flexibility, the CMI shows supe-
riority in high-power applications, especially shunt and
series connected FACTS controllers. The CMI synthe-
sizes its output nearly sinusoidal voltage waveforms
by combining many isolated voltage levels. By adding
more H-bridge converters, the amount of Var can sim-
ply increased without redesign the power stage, and
build-in redundancy against individual H-bridge con-
verter failure can be realized.

Athree-phase CMI topology is essentially composed of
three identical phase legs of the series-chain of Hbridge
converters, which can possibly generate different out-
put voltage waveforms and offers the potential for AC
system phase-balancing. This feature is impossible in
other VSC topologies utilizing a common DC link. Since
this topology consists of series power conversion cells,
the voltage and power level may be easily scaled. The
dc link supply for each full bridge converter is provided
separately, and this is typically achieved using diode
rectifiers fed from isolated secondary windings of a
three-phase transformer. Phase-shifted transformers
can supply the cells in medium-voltage systems in or-
der to provide high power quality at the utility connec-
tion.

(a) () i)

Fig 1: Single phase structures of Cascaded inverter (a)
3-level, (b)s-level, (c) 7-level
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Operation of CMLI:

The converter topology is based on the series connec-
tion of single-phase inverters with separate dc sources.
It shows the power circuit for one phase leg of a three-
level , fivelevel and seven-level cascaded inverter. The
resulting phase voltage is synthesized by the addition
of the voltages generated by the different cells. In a
3-level cascaded inverter each single-phase full-bridge
inverter generates three voltages at the output: +Vdc,
0, -Vdc (zero, positive dc voltage, and negative dc volt-
age). This is made possible by connecting the capaci-
tors sequentially to the ac side via the power switches.
The resulting output ac voltage swings from -Vdc to
+Vdc with three levels, -2Vdc to +2Vdc with five-level
and -3Vdc to +3Vdc with seven-level inverter. The stair-
case waveform is nearly sinusoidal, even without fil-
tering. For a three-phase system, the output voltage
of the three cascaded converters can be connected in
either wye (Y) or delta (A) configurations. For example,
a wye-configured 7-level converter using a CMC with
separated capacitors is illustrated.

This paper proposes a cascaded-multilevel-inverter-
based motor drive system integrating energy sources
and segmented energy storage. In particular. Accord-
ingly, the proposed energy storage-voltage balanc-
ing method will enable energy storage to provide not
only harmonic compensation during steady state but
also real power compensation during the acceleration
and deceleration modes of a motor it can achieve an
effective real power distribution between the energy
source, the energy storage, and the electric motor by
an autonomous power regenerative control system.
An autonomous power regenerative control system
including voltage balancing control of segmented en-
ergy storage is developed to perform the smooth pow-
er transition between different operation modes and
provide accurate speed tracking.

Il. SYSTEM DESCRIPTION OF PROPOSED CAS-
CADED MULTILEVEL INVERTER WITH SEG-
MENTED ENERGY STORAGE.:

A.System Description:

The proposed cascaded-multilevel-inverter-based mo-
tor drive system with segmented energy storage is
shown in Fig. 2.
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The cascaded multilevel-inverter cells include n auxilia-
ry inverters and one main inverter for each phase. The
number of auxiliary-inverter cells of each phase can be
selected by considering the tradeoff among the cost,
the power loss, the power quality, and the power com-
pensation capability. The three-level H-bridge inverter
cells connected to the energy source and the energy
storage are defined as the “main” inverter and the
“auxiliary” inverters, respectively .For example, a large
number of cells may help improve power quality and
provide enough power compensation capability. How-
ever, it also leads to an extra device count, a compli-
cated control system, and an increased cost.

' ?

Fig.2. Proposed cascaded-multilevel-inverter-based
motor drive with segmented energy storage.

In this paper, the configuration is applied to a down-
scaled 5.5-kW PMSM drive system, which has been
built in the laboratory to verify the proposed ideas ex-
perimentally. The dc voltage of the main inverter was
selected to be 150V, and the dc voltage of each auxilia-
ry inverter is varied between 37.5-75 V. the dc voltage
of each main-inverter module and of auxiliary-inverter
modules are unsymmetrical, and the dc voltage of the
auxiliary inverteris lower than that of the maininverter.
The main inverter switches at fundamental frequency,
and the auxiliary inverters operate at a higher switch-
ing frequency. The total output voltage of each phase
is therefore synthesized by a quasi-square wave for
the main inverter and pulsewidth-modulation (PWM)
waveforms for the auxiliary inverters using hybrid
modulation with phase-shift control.This technology
can be used in the next-generation electric ship to im-
prove the efficiency, the dynamic performance, and the
power quality of high-power motor drives. In addition,
it is also beneficial for heavy-duty electric vehicles with
large electric-drive train. The voltage ratio between the
main inverter and the total sum of auxiliary inverters of
each phase in Fig. 1is defined as
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b= (Vaa/X (o) Vey) i =a,b.e)

The voltage ratio is selected based on the consider-
ation to achieve the best power quality by maximizing
the number of synthesized voltage levels. Another con-
sideration for the voltage ratio selection is to minimize
the circulating energy among the cascaded inverters
and to increase the efficiency of the overall system. In
this paper, k is selected as 1:1 at the beginning of one
driving cycle, and the maximum value of k is set to be
2:1 at the end of acceleration mode. The value of k is
required to change during acceleration and decelera-
tion modes, so that the energy storage can provide or
absorb power.

B.Energy Storage Design:

The energy storage is a very important system compo-
nent since it affects the dynamic performance of the
electric motor and the energy source. In this paper, a
UC is selected as the energy storage due to its high-
power density leading to good dynamic performance.
It is shown that the UC should be able to transfer suf-
ficient energy to meet the requirements of the electric
motor during power transitions. As a result, the proper
design of the energy storage is essential. After the pow-
er-distribution strategy is designed, the energy storage
size can be accordingly designed. The maximum ener-
gy required by the electric motor is determined by the
maximum power and the desired response time during
power transition. Consequently, Wmax can be derived
asin

1

" max — Epma.‘srr
Where I:lux = e max+m,max- “mmax is the
maximum rotor mechanical speed, Temax  is the

maximum of the electric torque, and fe is the desired
speed response time during power transition, as shown in

Fig. 2(a)

The energy capacity of a UC is affected by its
capacitance and voltage variation range. Accordingly, the
maximum energy delivered by the UC can be derived as

3n - o
" max = T(-‘l.'(-' ("t':,mau Py ‘f'-'-rn'ltl]

Where Cue is the capacitance of each UC, Ve max is

the maximum voltage of the UC, Ve min 1s the minimum
voltage of the UC, and n is the number of cascaded-
auxiliary-inverter cells of each phase.
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Therefore, the total capacitance of the UC can be
calculated as

Praxte

~ Vi)

(.'['(‘ =

(T'.mnx

3n (‘.4

Il AUTONOMOUS POWER REGENERATIVE
CONTROL SYSTEM INCLUDING THE POWER
FLOW CONTROL, AND THE ENERGY-STORAGE-
VOLTAGE BALANCING CONTROL:

A control svstem has been also developed, as shown in
Fig. 3. to achieve the proposed power-distribution strategy.
It includes three control subsystems, 1.e., a PMSM vector
control, a power flow control, and an energy-storage-
voltage balancing control. The objective of the energy-
storage-voltage balancing control is to generate the
adjustments of  the  auxiliary-inverter  outputs

Avy; and ‘é‘"‘:“, which determines the power
compensation performance of the energy storage during
acceleration and deceleration transitions. The desired stator
voltage reference vs; (i =a,b.c) is first generated
from the PMSM vector control block, which has been
intensively researched and will not be repeated in this
paper. In the proposed control system, the voltage

" - I "
distribution of "5i between the main inverter and the
auxiliary inverters dominates power distribution between
the energy source, the energy storage, and the electric
motor.

Finally, the desired stator voltage Ysi is synthesized by
the output voltages of main inverters and auxiliary

inverters. In this control system, Psource and Potor e
directly controlled to follow the desired reference, so that

Fotorasge  can e autonomously  regulated to
charge/discharge the energy storage. Therefore, this type of
controller can be called an autonomous power regenerative
conftrol system.
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Fig. 3.Proposed power flow control system.

A.Power Flow Control And Output-Voltage
Synthesization:

In Fig.3, the “operation-mode identification” module
is designed to identify the operation modes of one

driving
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cycle and to generate the corresponding Vii_p - Voltages
Vacis USi and ViLF ae then provided to “switching-
angle generation” module to generate the switching angle

€ based on (7). After obtaming '9", the main inverter

outputs the quasi-square-wave voltage Uli: I addition, to
get the desired output voltages of auxiliary inverters
v2i and Y34 the correspending references v3; and v,
are sent to the “SPWM with phase shift™ module.
v3; and USizre derived by combining (v§; —vi)/2
with their respective voltage compensation components

Avy; and Avs; from the energy-storage-voltage
balancing control mechanism.

The output-voltage synthesization is shown in Fig. 3 for
the selected application of this paper, wheren=2_Ttcan be
extended to anv n number. The main-inverter output

voltage is defined as Yl (i= a.b.c). Tpe auxiliary-
inverter output voltages are defined as ' V2iand vy,
respectively. "lijs fabricated by controlling the mamn
inverter switching at fundamental frequencv. Hence, the
fundamental switching angle ti of the main inverter will

=%
decide Psource to follow the desired power trajectorv. In

2.
order to find 3",fh""“" is first expressed as follows,

where Vi_F is the magnitude of the fundamental
v, and ¢

compenent of . - . Vs the g-axis sttor current in

the synchronous reference d — q frame rotating at the rotor

electrical speed Wr.

3., . :
Pﬁuurr{' L ;1'“ Flag- i=ab,c

According to a simplified driving cycle shown in Fig. 3,
-8
Psource can be calculated as

P1=;T:(Tr|;-'|]- 0<t<ty
P = %[Tﬁzw‘z]- ta<t<ty
Psouree = Py = i{Tc;;w';s]- tg <t

P+ =L(-P), 1<ttt

ta=i,

Py ==k (Ps—Py), t3<t<ty

Where P is number of poles;
T = kiigq1: Tea = .hx'._“a' Tes = keisgai ke js the
torque constant; and txqls Isq2, and i l"l’ e lyq yafyes at

W', latg and iy .
. respectively.

Where Y4l is the dc voltage of the main inverter of each
phase, Vii_F is the fundamental component pf 14, and
YA i the harmonic component of V1i | Angle ti can
be derived from the fundamental component of 1+ and

can be written as
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Wi
#; = cos™! (— X ﬁi) , it=ab,ec
p Via

B.Energy-Storage-Voltage Balancing Control :

The detailed energy-storage-voltage balancing control
is shown in Fig. 7, which includes three cascaded con-
trol blocks.Objective-capacitor voltage control.Parallel
cluster-capacitor voltage balancing control.Series indi-
vidual-capacitor voltage balancing control.

Fig. 4. Energy storage voltage balancing control: (a)
Objective-capacitor voltage control; (b) parallel clus-
ter-capacitor voltage balancing control; (c) series indi-
vidual-capacitor voltage balancing control; and (d) the
synthesized adjustments of six auxiliary inverters. In
the proposed controller, the objective-capacitor volt-
age control can be considered as an inner loop with a
response speed faster than the other two controllers.
The parallel cluster-capacitor voltage balancing con-
trol operates as the middle loop with faster response
speed than the series individual-capacitor voltage bal-
ancing control being regarded as the outer loop. This
type of triple loop control structure can achieve fast
voltage regulation, high steady-state accuracy, and
high dynamic performance.

1) Objective-Capacitor Voltage Control:
Fig. 4(a) shows the objective-capacitor voltage control.

Where Vei (i = a,b,c) | is the average voltage of the two
capacitors in each phase. Vei can be calculated as

follows, where Ve ad Ve are the individual

capacitor voltages in each phase.
. : .
Ve= E“"(‘u + Vew + Vo)
y 1. . .
Vei= :5(1'(';1 + Veiz), i=a,b,ec.
The output of the PI controller multiplied by sin ;
fabricates the first adjustments Avzi—y and Avgioy

which are used to regu]ate the output voltages of the two
auxiliary inverters in each phase_
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2)Parallel Cluster-Capacitor Voltage Balancing
Control:

This balancing control is shown in Fig. 4(b}, which can

keep Vei equal to Ve The outer voltage loop generates

.
the current command 'sq_k related to synchrenous g-axis
current by a PI controller. The inner current loop controls

current ""-"iﬂl to track this command. where ks is the
current gain. The second adjustments

Avgi—z and Avsic2  of the ouput voltages of two
auxiliary inverters in each phase can be generated by

multiplying the inner loop output with sing;

3) Series Individual-Capacitor Voltage Balanc-
ing Control:

Fig. 4(c} shows the series individual-capacitor voltage
balancing Vei and Ve

individually controlled to be Ve by two PI controllers in
each phase. The outputs of PI controllers multiplied by

sin ;

control. ~ Voltages

is also used to regulate the output voltages of two
auxiliary inverters in each phase as the third adjustments

Avai_s and Awvy,_3. mespieciively

All these three adjustments are synthesized as the auxiliary
inverter output-voltage regulation Avy; and Avy; ip each
phase, which can balance the capacitor voltages, as shown
in Fig. 4(d).

IV.Proposed Power distribution strategy:

The proposed power-distribution strategy during a typical
driving cycle is presented in Fig. 2. The power flow to/from
the electric motor, the energy sources, and the energy

storage is defmed as Putotors Psource a0d FPstorage-

respectively. Where

Psouree + PSturag:- = Pyotor

e e A gy Emrgy
Sy Ll 23 Sewror | T saenge
N \ ol
J
b Flevws
"l Wt
Masde a0 Seartup Maode be Acocleraton
Charpmg i i £ g : 4 har g g
Emergy a BTEY Emergy Ty ST
Somrce |l iornge  Swmrce T p— hwage
» 5 o ¥
£ LY LY 4
& N Aﬂﬂ-r S
Floxwr E g [Elecing
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Fig.5. Power flow between the energy source,'the en-
ergy storage, and the electric motor in different op-
eration modes.
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The corresponding power flow between the energy
source, the energy storage, and the electric motor is
described in Fig. 5. During the startup mode, the en-
ergy source charges the energy storage to the desired
value. The energy source also provides a small value of
power to the electric motor so that it can start at a low
speed. The dotted line between the energy storage
and the electric motor means that there is no power
exchange between them.

During the acceleration mode, both the energy source
and the energy storage provide power to the electric
motor. However, the energy source provides power
with a linearly increasing slope.and the energy stor-
age supplies peak power to achieve fast acceleration
if required. The energy storage voltage will decrease
during this interval due to the discharging. During a
constant-speed period, the energy source provides all
the power required by the electric motor, and the en-
ergy storage receives a small amount of power from
the energy source to maintain the voltage at the end
of the accelerating mode.

During the deceleration mode, the energy storage re-
covers all the regenerative energy from the electric
motor so that the energy storage voltage will increase.
The stored energy can be released during the next ac-
celeration mode. In order to eliminate hard power/cur-
rent stress on an energy source such as a battery and
maintain a smooth voltage transient of energy source
between two modes, PSource is controlled to decrease
with a finite slope until a standstill situation is reached.
During the standstill mode, the energy source can pro-
vide the small power needed to maintain the energy
storage voltage.

The stored energy can be released during the next ac-
celeration mode. In order to eliminate hard power/cur-
rent stress on an energy source such as a battery and
maintain a smooth voltage transient of energy source
between two modes, PSource is controlled to decrease
with a finite slope until a standstill situation is reached.
During the standstill mode, the energy source can pro-
vide the small power needed to maintain the energy
storage voltage.

IV .SIMULATION DESTGN OF PROPOSED CAS-
CADED MULTI LEVEL INVERTER:
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V. SIMULATION RESULTS:

Figs.shows simulation results over a typical driving cy-
cle including acceleration, deceleration, and constant-
speed modes. The constant load torque of 10 N e m is
used in this driving cycle.

oo b
- 1500
i 1003 | —

& nr i [T}
Times}

(a) speed

Fig. (a) shows the speed dynamic response when the speed
command Ne changes from 0 to 2000 r/min at 0.1 s and
then back to 1000 r'min at 04 s. The acmal speed Ne

follows Ve fast and smoothly.

Sin capaciers velapes & tree phases(v)
]

Tiemeels)

(b) Six capacitors output voltages:

Fig. (b) shows the corresponding six capacitor volt-
ages. The capacitor voltage is 75 V before the starting
acceleration mode. During the acceleration period, the
capacitors are discharged to provide required peak
power; thus, the voltages decrease from 75 to 51.5 V.

The capacitors then receive a small power from dc
sources to keep 51.5 V at a constant-speed period. Dur-
ing deceleration period, the capacitors recover regen-
erative energy from PMSM; thus, the capacitor volt-
ages increase from 51.5 to 62.5 V.
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(c) Power delivered byEM& ES:

Fig (c) PMotor requires 4200-W peak power during the
acceleration mode where up to 3000Wis provided by
capacitors and the rest of the power is from dc sourc-
es. The capacitors continuously provide power to the
PMSM in about 0.12 s until the speed reaches 2000 r/
min.

Fig (d) shows Although the regenerative peak power
of the PMSM is 1800W, the capacitors absorb up to
3500 W.

0
g ome f.ff__—_“..
; 1500 /
g {
é 1000 / \,‘_ —
;] /
! P /
rd
a /
o a2 4 [

Time(s)

(d) Power flow of ES & EM Fig: 6 Simulation results

of proposed motor drive: (a) Speed response; (b) six

capacitor voltages of three phases; and (c) PMotor,
PStorage, and (d) PSource.

The simulated waveforms of Pytotor. PS“-”*S"'and

Psource are presented in (c) and (d). respectively.

Puotor requires 4200-W peak power durmg the

acceleration mode where up to 3000 W is provided by
capacitors and the rest of the power is from dc sourc-
es. The capacitors continuously provide power to the
PMSM in about 0.12 s until the speed reaches 2000 r/
min. Although the regenerative peak power of the
PMSM is 1800 W, the capacitors absorb up to 3500 W.

This is because the power from dc sources is linearly
decreasing during the deceleration period; therefore,
the capacitors absorb not only regenerative power
from the PMSM but also power from the dc source. the
capacitors continuously absorb power from the PMSM
and dc sources in about 0.04 s until the speed reaches
to 1000 r/min.
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V CONCLUSION:

This paper has proposed a cascaded-multilevel-in-
verterbased motor drive system with segmented en-
ergy storage elements. A power-distribution strategy
between the energy source, the energy storage, and
the electric motor has been developed and imple-
mented by a proposed autonomous power regenera-
tive control system to perform smooth power transi-
tion between different operation modes and provide
accurate speed tracking.In the proposed motor drive
system, the energy storage has been designed not
only to provide harmonic compensation but also to be
capable of recovering regenerative energy during the
deceleration mode and reapplying this energy during
acceleration transients which improves the efficiency
&powerquality.
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