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The Active Power Control of Cascaded Multilevel
Converter Based Hybrid Energy Storage System

Wei Jiang

Abstract—Because of its simple structure, high power quality
and enhanced output voltage, cascaded multilevel converter (CMC)
has been utilized as the main circuit of power conversion system
of energy storage system. However, it is difficult to adapt CMC to
hybrid energy storage system (HESS) because of the asymmetric
power distribution problem. This paper proposes a novel topology
for CMC-based HESS, in which, an LC branch is inserted at the
end of cascaded H-bridges as a tuned filter, and an odd-harmonic-
hybrid-modulation (OHHM) is further proposed to control the
harmonic frequency components to transfer power among differ-
ent energy storage components through the LC branch. The prin-
ciple of the OHHM technique and the design of the LC branch are
analyzed, based on which, a joint energy recovery and SOC bal-
ancing system is introduced. The principle and control method
of the proposed HESS is verified by both the simulations and
experiments.

Index Terms—Auxiliary power loop, energy recovery control,
hybrid energy storage system (HESS), tuned filter.

NOMENCLATURE
L, Inductance of the LC branch.
C, Capacitance of the LC branch.
R, Resistance of the LC branch.
Vo Output voltage of the HESS.
Vgi Output voltage of the ith cell.
Veif Fundamental frequency component in v,;.
Veih All harmonic components in v,;.
Upt Terminal voltage of the battery.
Vei Terminal voltage of the ith EDLC.
Veir Additional resonant component in the ith cell.
iq Current in auxiliary power loop.
fa Resonant frequency of the LC branch.
fm Fundamental frequency.
fe Cutoff frequency of the output filter.
Viea Amplitude of all resonant components.
Vsei Existing resonant component in the ith cell.
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Vser Controllable resonant component.
Veli ith harmonic component in v, .
Velip Active component of v.1;.

Vserp Active component of v, .

P, Effectively transferred energy.

Pioss Power loss in auxiliary power loop.
P _mpep P, at maximum power exchange point.
Ploss.mpep  Ploss at maximum power exchange point.

1. INTRODUCTION

ITH the development of microgrid and the cost reduc-
W tion of the battery, the investments of an energy storage
system (ESS) are prosperous in China. Nowadays, most of the
installed ESSs are customer-side systems, which play an im-
portant role in peak shaving and valley filling, the uninterrupt-
ible power supplying and renewable energy consuming [1]-[4].
If these distributed systems in the customer side can be used
to satisfy the needs of the power grid, e.g., emergent power
delivery, frequency modulation, and voltage regulation, dupli-
cate investments of ESS can be avoided. Unfortunately, most
of the existing customer-side ESSs are connected to the inner
low-voltage distribution network of buildings or factories, and
hence, they are lack of capability and efficiency to provide ser-
vices to the power grid. Moreover, in order to connect the ESS to
mid-voltage networks efficiently, the widely used single dc—dc
or dc—ac interfaces [S]—[8] are not suitable, for the following
reasons.

1) Since a large amount of batteries have to be connected
in series and form the high voltage dc-side, power elec-
tronic devices with high rated voltage and rapid switching
frequency are required.

2) Owing to the limited number of voltage levels, the output
power quality tends to be low, and consequently, trans-
formers are necessary to connect the power grid, which
further reduce the system efficiency.

The use of cascaded multilevel converters (CMC) based ESS
is able to alleviate the above problems, meanwhile, provides
inherent redundancy and control convenience [9]-[12]. The
current research works of CMC-based ESS are focused on the
battery energy storage system. The main challenge is the state of
charge (SOC) balance among phases, units, and cells, which is
typically addressed by modified pulsewidth modulation (PWM)
technologies. In [17], the proposed system integrates both the
active power control and the SOC balancing control, and the
idea behind this structure is to adjust the active power control

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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reference according to the unbalance states. In [18] and [19],
fundamental frequency switching is used to maintain the SOC
balance of CMC which is powered by battery, EDLC or fuel
cell. In [20], the amplitude of carrier-wave is asymmetrically
set to control the output power of each H-bridge, so as to
achieve the SOC balance of the system.

Another problem of current customer-side ESS is the se-
lection of energy storage strategies. The normal function of
customer-side ESS is energy required, so that batteries with
high-energy-density are preferred. However, when an ESS pro-
vides emergency power to grid, its transient power output ca-
pability is critical. The consequences of using single energy
storage technology to achieve all these performances are high
cost and large volume, and a desirable solution is to combine
different kinds of energy storage components to form a hybrid
energy storage system (HESS). For instance, by combing EDLC
with the battery in a HESS, the energy capacity and the transient
performance can be jointly guaranteed [13]-[16].

Taken together, the HESS using CMC power electronic
interface is an ideal choice for customer-side energy storage
applications. However, to integrate hybrid energy storage
component into a CMC circuit requires the improvement of
traditional control approaches since the asymmetrical power
distribution among different cascaded cells should be controlled.
The customer-side energy storage systems are energy type and
the capacity of the system is primarily provided by batteries,
therefore, a high voltage battery bank is the main source of the
system. Low-voltage, low-capacity EDLC banks act as supple-
mental sources to provide multiple voltage levels and transient
active power output and recovery capabilities. In [23], a hybrid
modulation method is proposed to unevenly distribute power
between main dc-source and energy storage components. The
main dc-source switches at the fundamental frequency and the
auxiliary converters connected to energy storage components
operate at a higher switching frequency. With this approach, low
frequency, high voltage switches can be used in the main con-
verter to interface the high voltage dc-side which consists of se-
ries connected batteries. The EDLCs in the auxiliary converters
are normally used to cancel the harmonic voltage components
of the main converter. When needed, the power distribution
between batteries and EDLCs can be configured by controlling
the switching angle of the main converter and fundamental
voltage amplitudes of the auxiliary ones. Although currents of
the cascaded converters are couple, the output power can raise
to drive motors during acceleration by increasing the output
fundamental voltage component of the auxiliary converters.

However, the energy recovery and SOC balancing of the
hybrid modulation based HESS depend on its operation mode.
If the energy storage components in auxiliary converters
are EDLCs, their terminal voltages could decline rapidly
during high-power discharge. In this case, the HESS would
not properly operate since the output voltage could not be
synthesized. In [25], it is proved that the active power can be
exchanged between CMC cells via an auxiliary power loop,
which consists of an LC branch paralleled with cascaded
converters. However, the dual-frequency phase-shifted carrier
PWM method proposed in [25] is only effective to CMC-based
ESS that consists of symmetric segmented energy storage
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Fig. 1. Topology of proposed ACMC-based ESS.

components. Since the dc sides of HESS are asymmetric, the
hybrid modulation method need to be improved to support
the auxiliary power loop. Enlightened by this idea, this paper
proposes an odd-harmonic-hybrid-modulation (OHHM) is pro-
posed, which introduces a harmonic frequency component into
auxiliary converters. By controlling the angle and amplitude
of this control variable, the active power can be transferred
from the battery to the EDLCs. Meanwhile, with the additional
freedom of control, the energy recovery and SOC balancing of
the EDLCs can be achieved without affecting the major active
power output of the system. Therefore, the control range of
the HESS can be extended and the merits of power density and
energy density energy storage can be fully developed.

The rest of this paper is organized as follows: after the in-
troduction section, the CMC-based HESS and the OHHM tech-
niques are introduced in Section II. In Section III, the active
power control principle in auxiliary power loop is analyzed and
the design of the filters is given. In Section IV, the energy re-
covery and SOC balancing control strategies are introduced. In
Section V, the proposed system is first simulated in a MAT-
LAB/Simulink simulation platform and then implemented on
a 5-kW hybrid energy storage test bed. Simulation and exper-
imental results are presented to verify the effectiveness of the
proposed system. Finally, Section VI concludes the paper.

II. SYSTEM DESCRIPTION OF THE HESS AND THE OHHM

A. System Description

The proposed CMC-based battery-EDLC HESS is shown in
Fig. 1. Since this paper focuses on introducing the OHHM and
the auxiliary power loop based power transfer, the single phase
system is analyzed. In this configuration, the HESS has one bat-
tery source and N EDLC sources. These energy storage sources
are cascaded connected through H-bridges. The battery bank
serves as the dc source of the main cell, and EDLC banks
for the other cells. The battery bank and EDLC banks usually
contain dc—dc converters for dc-voltage regulation and EDLC
frequency-response compensation. Therefore, a dc—dc interface,
i.e., bidirectional buck-boost converter or coupling capacitors, is
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added between energy storage component and H-bridge, which
can help to suppress charge/discharge current ripples. Since the
dc—dc interface will not affect the power distribution between
H-bridges, its control strategy will not be discussed in this pa-
per. The main difference between the proposed HESS and the
drive system investigated in [23] is that an LC branch is inserted
between the cascaded H-bridges and the output. This LC branch
helps to realize the active power transfer from battery to EDLCs
by creating the auxiliary power loop.

Considering the capacity of the HESS is primarily deter-
mined by the battery and the cascaded structure, the voltage of
the battery is higher than the EDLCs. Normally, H-bridge 1,
whose dc-side is a battery bank, provides most of the active
power. The high-voltage-low-frequency switches are used in
H-bridge 1, which is defined as the main converter, and they
switch at the fundamental frequency to generate a quasi-square
wave. Thus, to synthesize the output voltage for the ac load and
grid, the other N H-bridges, which are defined as auxiliary con-
verters, should generate the difference between sine-wave and
quasi-square wave with EDLC dc sources. The fundamental
frequency voltage component is only contained in the quasi-
square wave. The output voltages of the auxiliary converters,
which use EDLCs as dc sources, consist of high frequency har-
monic voltage components. Therefore, the auxiliary converters
do not provide active power in normal operation mode.

The design of the power and energy capacities of each
unit depends on the performance requirement of the HESS.
Since the lithium-ion battery has a greater energy density (usu-
ally 85-120 W-h/kg) than the valve-regulated lead-acid battery
(about 40 W-h/kg). Therefore, the usage of high-energy density
lithium-ion battery in H-bridge 1 can effectively reduce the size
of the system. If the HESS is designed to work in a long time in
high-power mode when EDLC banks provide some of the active
power, the size of the HESS will increase because the ELDCs
have even lower energy-density (about 10 W-h/kg).

By assuming the output voltages of EDLC cells are symmet-
ric, we have

v, () = Vysin (wot) = vep () + ZUCi (t) (1)
i=2

where v, is the quasi-square wave voltage of H-bridge 1 and
vei (i = 2,..., N)isthe supplement wave voltages of the other
H-bridges. V,, is the amplitude of the output sine wave and wy
is the fundamental angular frequency.

The waveforms of v (t) and v.;(¢) (i = 2,...,N) is de-
picted in Fig. 2. By introducing € as the fundamental phase shift
angle of v.;, we have

Ucl(t):
0, te (kT,0+kT)U[(k+3)T
—0,(k+3)T +0]
Ulk+ )T —0,(k+1)T]  k=0,1,2...
Vi, te[0+kT, (k+3)T -9

Vi, t€[(k+3)T+0,(k+1)T —0]
2)

The Fourier series expansion of v (t) is given by
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Fig. 2. Voltage waveforms of the H-bridges.

=~ 4V :
Z n—:cos(nww) sin (nwot)

n=1,3,5,...

= Vc1f (t) + Verp (t) (3)

Vel (t) =

where V4, is the voltage of the battery, v.; 7 (¢) is the fundamental
sine wave voltage in v (t), and v.1y, (t) is the sum of all odd
harmonics in v,1 (t).

The supplement wave voltages consists of two components:
first, sine component which is in phase with v, (t) and deter-
mines the real power output of the EDLCs; second, harmonic
component which cancels v.;; in the v.;. If we assume the
supplement wave voltages are symmetrical, there is

1

et (1) = = 00 (8) = vt ()] = 3 | Veoysin ()

nm
n=3,5,...

00 4V,
- Z &cos (nwpf) sin (nwot)]

= Veif (t) + Vein (t) 1=2,...,N “4)

where V,; is the amplitude of the fundamental sine wave com-
ponent of v.; () (i = 2,...,N).

There are abundant odd harmonic in the quasi-square wave
voltage v.1, however, one of them is only selected to be the
resonant frequency of the LC branch f,. According to the or-
thogonal power flow theory, if the active power generated from
the nonsinusoidal voltage v(f) and current i(¢) is considered to
be the average value of the product of their instantaneous values,
the power produced by different frequency components are or-
thogonal to each other, where v(?), i(f), and average active power
P can be expressed by

v(t) =V + Z V2V, cos (nwt + 60,) 5)
n=1

i(t) =1+ Z V21, cos (nwt + ¢,) (6)
n=1

P =Vl —l—ZVnIncos(Gn —n). @)

n=1
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Fig. 3. Main and auxiliary power loops in the HESS.

Based on this theory, the power resulting from the resonant
frequency voltage and current will be restricted in the loop
formed with L,, C;, R,, and the cascaded H-bridges and will
not affect the output power of the system. Fig. 3 illustrates the
two separate power loops. An additional resonant frequency
component v, (t) (i = 2,...,N) is added to v.;j, (t) to con-
trol the angle and amplitude of the current i, (¢) in the auxiliary
power loop. The power EDLCs absorb from the loop are deter-
mined by the phase lag between i, (t) and v, (t). Meanwhile,
the sum of quasi-square wave v, (t) and v,;(t) is the output
voltage of the main power loop. Since the resonant frequency
component is unwanted in the output voltage, its existence in
the auxiliary power will not affect the main power loop.

In the proposed HESS, auxiliary power loop is used to transfer
power from the battery to EDLCs since EDLCs’ terminal volt-
age declines rapidly with high-power discharge. Meanwhile,
by controlling the power transfers of different cells, the SOC
balancing can be realized.

B. OHHM Principle

The direction and amplitude of the auxiliary power flow are
determined by the selected frequency components in v.; (). In
this section, an OHHM is proposed for this purpose. To simplify
the analysis, the following assumptions are made.

1) The HESS contains one battery cell and two EDLC cells.

2) The dc voltages of all energy storage components are

constant.

3) Current flow at the auxiliary frequency is kept in the aux-

iliary power loop.

4) The equivalent impedance of the series LC branch at f, is

pure resistance (Z (jw,) = R,).

5) All switches, diodes, inductor, and capacitor are ideal

components.

With above-mentioned assumptions, the equivalent circuit of
the auxiliary loop is shown in Fig. 4, where L,, C, and R,
forms the tuned filter and i, is the auxiliary frequency current
flowing in the loop. v.i; represents the ith harmonic of Vi,
whose frequency equals the resonant frequency of the tuned
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(b) Maximum power exchange point (MPEP).

filter, given by

4
%COS (w;0) sin (w;t) (8)
T

Veli (t) =

where w; is the angular frequency of the selected odd harmonics.

The resonant frequency components of v, and v.3, that is,

V2, and v.3,, are used to control the power transfers in auxiliary
power loop, given by

1
Vear (1) = vezr (8) = iVsmsin (Wat + ) 9)

VUser (t) = Vc2r (t) + Vesr (t) = Vieqsin (wut + %0) (10)

where V., is the amplitude of the resonant frequency voltage
component and ¢, is the phase lag to the x-axis.

As shown in Fig. 5(a), Viei is the existing resonant frequency
harmonic in v.5 and v.3, which equals —Voi. A voltage vector
VSC, _comp Which equals Vm is added to compensate V;Cl VC“,
VW«, and I are vectors of v.1;, Vs.r, and 1,, respectively. VV .
is the controllable resonant frequency voltage component used
to change the power transfers in an auxiliary power loop. Vch-fp
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and Vw.fp are the active components of ch and VSC,,, which
are in phase with I,. (9 1s the phase difference between Vier
and VSCW. Vu is the vector sum of VW- and ch and determines
I,. Using the geometrical analysis, we have

cos () = cos (¢ + 1) = cos (T — ¢3)

V4 V2, V3
= —cospy = ——t el (1)
‘/;12 = ‘/;‘21 + Vgca - 2‘/61‘/;&1(30590

4 2
= [Vbtcos (wﬁ)} +V2, —2——

im
|cos (w; )| Vieacose

4 4
— —Vbt |cos (w;0)] {%f |cos (w;0)| — 2Vyeqcosp
i i

+ V2

sca

12)

vyhere V, is the amplitude of V[M and V,; is the amplitude of
Veti

The active power generated from V.1; and I, consists of two
components: F is the active power absorbed by the EDLC cells,
which is the product of VSM p and I > and Py, is the power loss
on R,, which is resulted from V,, and I,. We have

P(’, - V:s(taCOSQDZIa (13)
‘/:12
Bogs = R7f (14)

From (8)—(14), we have (15) and (16) shown at the bottom of
this page, when ¢ = 0, we can obtain the power exchange with
certain V., can be obtained as follows:

4V
Pe - Veca - |COS (wle)‘ - ‘/500 /R7 (17)
43/% |cos (w;0)] [4‘/“ |cos (wif)| — 2Viea | + V2,
Ijloss = R
(12 Jeos (wi6)] = Vsea]”

= — 18
R (18)
The P, to P55 diagram is depicted in Fig. 6. It is easy to

find out that when setting V., = QZV;’ |cos(w;6)| we can achieve
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the maximum power exchange point (MPEP), given by
2V 2
=t cos (w;0)
Pe,mpep = W (19)
2Vy, 2
=t cos (w;0)
Ploss,mpep = M . (20)

R,
The phase diagram of MPEP is shown in Fig. 5(b).

III. POWER TRANSFER AND RESONANT FREQUENCY
SELECTION ANALYSIS

A. Power Transfer Analysis

From (3) and (4), it can be seen that both the output voltages
of the battery cell and the EDLC cells contain a fundamental
sine wave component. The real power distribution between them
is determined by the fundamental sine wave amplitude ratio r,,,
which is given by

Vo = Veuy

21
Vs 21

Ty =

where V.15 = 222 |cos(w;0)|.

Since the battery is energy density energy storage, we can as-
sume V;,; is constant during charge/discharge processes. How-
ever, EDLC’s dc voltage varies with its SOC and affects the
power distribution range. By defining V,; as the dc voltage
of the ith EDLC, when EDLC cells operate synthetically, the
minimum requirement of V,; is to be equal to the peak of v.15, (t),

o~

V.
P, = Vica COS(pnga =

T

2VaVica

{ (ecos )" = (182 cos i) [12

<V2+V52(a Vc21>Va VA - Vi = Vi
ca - et v, = an_

sca

R, 2R,

4V,
= V:s’ca |: o

V2 it |cos (w;0)| [42/% |cos (w;8)| —

— |cos (w;0)| cosp — V;ca} /R,

"R R,

Dot |cos (w;0)] — 2‘/;caCOSSO] + pra) ng}
2R,
(15)
Wieons] 42 N
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and consequently, the odd harmonic in v, (¢) can be canceled.
In this way

Ve =V, (22)
Veimin = Vi — Vi ssin (wf)
4V, .
=V — Vit |cos (w;0)] sin (wpb) wpbe (O, z) (23)
™ 2

where V,;_nin 1S the minimal requirement of V;.

Since the dc voltage of EDLCs will decline during the dis-
charge process, the initial value of V,; + V.5 should be higher
than V,; _min. Meanwhile, if the requirement of the HESS is to
provide maximum power Py, and considering the maximum
discharge current of the battery is I, .x, Which is determined by
maximum discharge rate and the capacitance of the battery. In
this working condition, the peak of output voltage V, nax of the
HESS becomes

\/ipmax

Imax

V:)Jnax = (24’)

When V,, max exceeds“:%, which is the maximum amplitude
of ve1 ¢ (t), EDLC cells should provide active power by injecting
fundamental frequency voltage into v.; and v... In this way, the
fundamental sine wave amplitude ratio is

V2Py .«

r _ V;J,max - ‘/(:1]" _ Tmax V;lf
p-max ‘/.le ‘/le
_ \/if)max - ‘/clflmax (25)
Vv(tlfjmax

Considering the minimum requirement V;;_min and the fun-
damental frequency component in v.; and v, the required dc
voltage of the EDLCs must satisfy (26) shown at the bottom of
this page.

If the HESS is designed to output P,,,, for 7, and there is
no way to transfer power from the battery to EDLCs, the total
energy provided by EDLCs is

2v/2Vy,
T

WELDC = PmaxTc - |COS (w29)| ImaxTc~ (27)
Consequently, the requirement of the initial dc voltages of the

EDLCs is

2

ZV&:

2
%
[ (e (s0)
i=1 27 1C min

i=1

init_min
(28)
where C; (i = 1, 2) is the capacitance of the ith EDLC bank.
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With an increase in Py,,x, a larger number of EDLC cells
should be connected in series to achieve a sufficient amount of
initial dc voltage, and the cost, volume, and control complexity
of the HESS also increase. However, with the proposed OHHM
and auxiliary power loop technology, power transfer from bat-
tery to EDLCs via an auxiliary power loop can significantly
reduce the requirement of initial dc voltages of the EDLCs.

If the auxiliary power loop is activated, the power EDLCs can
absorb from the battery is

Vica | [ 12

cos (w;0)| cosp —

Vica] | Te
R, ‘

We = PB,OTC =
(29)

Therefore, the initial dc voltages of the EDLCs can reduce to

1 2
Wi
—9 L (ZV‘L>
27 1 C min

init-min i=1
(30)

2

Z ‘/;ti

i=1

Equation (30) indicates that when Wgpr,c and W, are com-
parable, the decrease in the initial dc voltage requirement of
EDLC:s is significant. On the other hand, with a certain maxi-
mum dc voltage of EDLCs, the propose OHHM is also able to
reduce the capacitance retirement of the EDLCs.

B. Resonant Frequency Analysis and Tuned Filter Design

The selection of the resonant frequency of the LC branch
and the design of the tuned filter is discussed in this section.
The LC branch consists of three passive components: L,, C,,
and R,. The LC branch provides a low impedance path to the
current at the resonant frequency and high impedance paths
to the fundamental frequency and other harmonic frequency
currents. Ideally, there is

1
Wi C,-

where w; = 27 f;, and f; is the frequency of the selected ith
harmonic. The following concerns should be taken into account
for the selection of the harmonic frequency:
1) The power loss caused by the fundamental frequency volt-
age on the LC components.
2) The power transfer capability of the auxiliary power loop.
3) The potential shift of actual parameters of resonant induc-
tor and capacitor.
First, the relationship between the power loss and the power
transfer ability of the LC branch is analyzed in order to se-
lect the odd harmonic frequency as its resonant frequency.

wiLy = €29

2
2 Vi
i=1

min

{Vbt

4Vbr

— Vit

V;Jnax

4
= max (Vbt _ Ve |cos (w;0)|sin (wyh) , V.
7r

|cos (w;0)| sin (w0)

o.max %t)

4V
V;J,max < %t - ﬂ.bt

|cos (w;0)|sin (wy)
(26)

Vomax = Vi — 224 |cos (w;0)] in (wof)
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The impedance of the LC at the fundamental frequency can be
expressed by

W2
Z, =R, +jL, <w0 - w) . (32)

0
Therefore, the power loss at w( can be calculated as follows:

2
()

Ploss,z' =

COs g (33)

SN2 !

where W), = —“t}") —wp = (i — 1)wp, and @y = arctan“’—gf" .
Meanwhile, according to (19), when the ith odd harmonic

frequency is selected as the resonant frequency of the LC branch,

its maximum power transfer ability is

el
PE?J - Rr

The relationship between P, ; and Pjo_; is depicted in Fig. 7.
The simulation parameters are: R, = 0.1(2, L, = 50 mH, and
Viy = 24 V. As shown in Fig. 7, the maximum power transfer
decreases logarithmically with i increases. Note that, the per-
formance of the output filter should also be considered when
selecting the harmonic order, and this will be discussed in the
following section.

With a certain resonant frequency in hand, there are different
combinations of L, and C,. The design of L, will also affect
the power loss caused by the fundamental frequency voltage.
Accordingto (33), larger L, should be selected to decease Ploss._;-
However, if the manufacturing error AL is considered, the actual
impedance at w; is

(34)

Zyr = Ry + jw, AL = \/ R2 + (W, AL)* ZAp

— wa AL
where Ay = arctan=e==.

In this way, the auxiiiary current can be expressed as (36)
shown at the bottom of this page.

From (36), we observe that the parameter error causes de-
creases in both the amplitude and the phase shift of the auxiliary
current, and the power transfer range in the auxiliary power loop
also diminishes. The power transfer range in the auxiliary power

(35)
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loop will also diminish. With certain maximum power transfer
requirement and power loss restrictions, the tuned filter can be
optimally designed according to [24].

C. Output Filter Design and Resonant Frequency Selection

Since the voltage at ith harmonic added to the output of EDLC
cells cannot be canceled, together with that in the quasi-square
wave, the output of the cascaded H-bridges can be expressed as
follows:

vs (1) = ver () + vea (t) + ves (t)

Vit .

2V,
= ——sin (wpt) + 20 gin (wit+m). (37
7 i

The target of the output filter is to eliminate the second term in
(37). The characteristic impedance of the second-order low-pass
filter used as the output filter is

R = \/g . (38)
The cutoff frequency of the output filter is
We 1
fo= =TT (39)
With (38) and (39), there is
Ly =R/ (2nf.) (40)
cr =5 _1)0rpR). @1)

R2

From (40) and (41), it is easy to observe that that the de-
sign of Ly and C; depend on the characteristic impedance R,
which is related to the power loss. According to the Impedance
matching principle, the load R; should be equal to the output
impedance, i.e., Z.o = \/ﬁﬁ Consequently, the charac-

teristic impedance in the passband is pure resistance and the
power loss on the filter is eliminated. In our design, the cut-
off frequency of the output filter is set to be f. = 100 Hz and
the fundamental output frequency f,,, = 50 Hz. In this way, we
have R;, = Z.» = %R. Accordingly, both L; and C can be
calculated with (40) and (41). For example, when Ry = 7€),
R = 6 Q and f. = 100 Hz, the filter parameters can be chosen
as follows:

R
Ly = =9. H 42
f= e =955m “2)
O = — 1 265,F (43)
P~ orf.R e

The bode diagram of this designed filter is provided in Fig. 8.
It can be seen that the fundamental components in (37) are able to
pass the filter without any attenuation. The filtering performance
against the 3rd—7th harmonics is simulated as shown in Fig. 9.

v, %cos (w;0) [4‘/”‘ cos (w;f) — 2Veqcos ] + V.2

j_ _ i
. = =

4 L — g1 — Ap (36)

R2 + (w,AL)?
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Fig. 9. FFT simulation result of the output filter. (a) f, = 150Hz.
(b) fo = 250Hz. (¢) f, = 350Hz.

According to the harmonic regulation [25], the 5th and 7th
harmonics can be selected as the resonant frequency of the LC
branch.

IV. CONTROL SYSTEM DESIGN
A. Energy Recovery and SOC Balancing Control

Since EDLCs possess limited energy densities, after a high
power output, their terminal voltages tend to decline. When their
terminal voltages decline to a certain level, the HESS fails, since
the desired output voltage cannot be synthesized. Traditional
energy recovery control uses the phase-shift between the output
current and fundamental frequency voltage of EDLC cells to
generate a reserve power flow to charge them. However, this

Particularly, when the HESS is on standby, the energy recovery
process cannot be activated. On the other hand, because of the
inconsistency of capacities, SOCs of EDLCs deviate during the
charge/discharge process. By considering that unbalanced SOC
values have a negative effect on the system, SOC balancing
control among EDLC cells should be included in the control
system.

As discussed, the OHHM technology can be used to transfer
power from the battery to EDLCs. With this desirable property,
both the energy recovery control and the SOC balancing control
can be realized, based on asymmetrically power flows control
of different EDLCs via an auxiliary power loop, whose main
control variable is the dc voltage of EDLCs. The diagram of
the energy recovery and the SOC balancing control is shown in
Fig. 10.

As discussed in Section III-A, the minimal requirement of the
EDLC terminal voltages V,;_,, is equal to the peak of v, (t).
Meanwhile, when the EDLCs provide active power, an addi-
tional dc voltage component V,, ,, will be added to the minimal
requirement. With a certain power distribution ratio r,, V, ,, can
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(Fig. 10)

Energy Recovery and SOC Balancing Control

Diagram of control system of the HESS.

TABLE I

SIMULATION PARAMETER

i Batt.ery
units

d T PWM l—»
|
i
i Supplement EDLC
| units
] PWM

Vscr2s -+ Vsem T

Parameters Symbol Value
Battery
Rated capacity Cy 10 AH
Rated voltage Vit 24V
ESR Resr b 0.5Q
EDLC
Rated voltage Ve 12V
Voltage range Ve 0-20V
Rated capacity Cy SF
ESR Reg sc 0.1Q
Frequency
Carrier frequency fe 2500 Hz
Auxiliary frequency fa 250Hz
Fundamental frequency fn 50Hz
LC Branch
Inductance of tuned filter L, 4.5mH
Capacitance of tuned filter G 90 uF
Resistance of tuned filter R, 0.1Q
Qutput Filter
Inductance of output filter L¢ 9.55mH
Capacitance of output filter Cy 265 uF
Converter
Load Ry 7Q
Output voltage v, 32.8V

be determined by
Vap = Vo — Vot — Veim. (44)

The sensed dc voltages of EDLCs v.; ~ v., are com-
pared to V.;, + V,_,. The differences are compensated with
three separate but identical PI controllers. The outputs of the
PI controllers are controllable resonant frequency voltages
Vser1—VUser N - Within this control strategy, the dc voltages of
EDLCs will be evenly balanced as the required and the energy
recovery and SOC balancing control targets can be achieved
synchronously.

B. Control System Design for the HESS

The complete control system diagram of the HESS is shown in
Fig. 11. This control system consists of two subsystems: active
power control and energy recovery and SOC balancing control.
The input of the active power control is the total output voltage

reference v}, which can be used to drive a motor or provide emer-
gency power supply. With a certain power distribution ration r,
the voltage references of battery (v, ) and EDLCs (v%,, . . ., v},
at the fundamental frequency can be calculated by using (22)
and (23). Meanwhile, the additional dc voltage requirement V,, ,,
can be obtained and sent to energy recovery and SOC balanc-
ing control subsystem. If only battery provides active power,
the references for EDLCs equal 0. Otherwise, they are superim-
posed to the outputs of the energy recovery and SOC balancing
control subsystem and their summation serves as the reference
of supplement waves for the EDLCs. The phase shift angle of

the quasi-square wave ¢ can be determined by v, and (3).

V. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed topologies and the theoretical
analysis, the model of proposed HESS with auxiliary power loop
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20

(a)

(b)

(d)
Fig. 12. Voltage waveforms of the H-bridges. (a) V.1 (Battery). (b) V.o
(EDLC 1). (c) V.3 (EDLC2).
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Fig. 13.  Output of the HESS. (a) V,. (b) I, .

is simulated in the MATLAB/SIMULINK simulation platform.
This model consists of one battery and two EDLCs, and 5th
harmonic is selected as the resonant frequency of the auxiliary
power loop. The detailed parameters are listed in Table 1.

In the first stage, the effectiveness of OHHM is considered.
Fig. 12 shows the voltage waveforms of the H-bridges of the
proposed HESS. As shown in Fig. 12(a), the battery cell out-
puts a quasi-square wave with a phase shift angle of w;0 = 7/5.
As shown in Fig. 12(b) and (c), the two EDLCs output supple-
ment waves and resonant frequency voltage component vs.,2,
Vgerg With an amplitude Vi, = 27‘/% |cos (w;0)| = 3.056 V and
a phase shift angle ¢ = 0. Fig. 12(d) shows their summation,
which serves as the output of the cascaded H-bridges. Fig. 13
shows the output voltage and the auxiliary current of the HESS.
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Fig. 14. DC voltages of the EDLCs.

Fig. 15.

SOC-balancing control waveforms of four EDLCs.

Output

’\‘ Filter e
e

Board
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Filter

Fig. 16. Prototype with three H-bridges.

As desired, the output voltage is a pure 50-Hz sine wave and
the current in auxiliary power loop only contains only a 250-Hz
sine component.

In the next stage, the energy recovery and SOC balancing
potentialities of the proposed control method is verified. The
initial dc voltages of the two EDLCs are 10 V and 11 V, respec-
tively. As shown in Fig. 14, with the proposed energy recovery
and SOC balancing control, the EDLCs absorb power from the
battery via the auxiliary power loop and recover their terminal
voltages to rated values. This process will not affect the output
of the HESS since the auxiliary power loop is decoupled with
the main power loop.

To further prove the effectiveness of the proposed energy re-
covery and SOC balancing control in multiple EDLC configura-
tions, a HESS with four batteries is simulated. The EDLCs are
of different initial SOC values centered around 90%. As shown
in Fig. 15, the dc voltages of EDLCs are gradually balanced
along with their respective discharge. During the SOC balanc-
ing process, each EDLC unit decides the transferred power from
the battery according to their dc voltages.

To verify the proposed topology and the PWM technol-
ogy, A 5-kW prototype is designed, as shown in Fig. 16.
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CH3

Fig. 17. Voltage waveforms of wv.j—v.3 in the open-loop experiment
environment.

Fig. 18.  Output voltage waveform of the cascaded H-bridges and the current
waveform in the proposed LC branch.

The prototype consists of one 24 V/10 A-h battery and two
12 V/1F EDLCs, whose system parameters are: L, = 4.5 mH,
C, =90uF, R, =0.1Q, Ly =10mH, Cy =250uF, Ry =
60, V. =24V, f,, =50Hz, f, = 250Hz, and f. = 2500 Hz.
The FF200R17KE3 MOSFET are used in all H-bridges. The
sizes of the battery and EDLC units are marked in the pic-
ture. The control system shown in Fig. 11 is implemented in
TI TMS320F28335 digital signal processor, which is respon-
sible for sampling voltages/currents and generating real time
parameters for OHHM.

In the experiment, the effectiveness of the proposed OHHM
method is first investigated in an open-loop control environment.
The fundamental phase shift angle 6 is setto % . The Sth harmon-
ics component with an amplitude of V., = =tt|cos(w;f)| =
3.056 V and a phase shift angle of 0° is superimposed into the
supplement wave voltages v.o and v.3. The voltage waveforms
of v.1—v.3 is shown in Fig. 17.

The output voltage waveform of the cascaded H-bridges and
the current waveform in LC branch are shown in Fig. 18. It can
be seen that the summation of v.;—v.3 is a multilevel PWM
wave at the fundamental frequency. Meanwhile, because of the
frequency-selection characteristic, the LC branch mainly in-
cludes the 5th harmonics current. The current frequency char-
acteristic in the LC branch offers EDLC cells the opportunity
to absorb power from the battery unit under the control strategy
introduced in Section IV-A. Fig. 19 shows both the voltage and
the current waveforms on the ac load. The designed output filter
successfully eliminates the harmonic components in the output
voltage of the cascaded H-bridges. In this way, the output volt-
age v, and current i, contain the 50-Hz sinusoidal component
only.
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Fig. 19. Waveforms of both the voltage and the current at the fundamental
frequency on the ac load.
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Fig. 20. Terminal voltages of EDLCs and the battery in energy recovery
experiment.

The efficiency of the system is given by
W,
We

where W), is the measured energy consumption on the load and
W. is the total energy provided by the battery and the EDLCs.
Therefore, the 7.7% power loss includes the loss of passive
components of the auxiliary power loop, the switching loss, and
the loss of the output filter.

The energy recovery and SOC balancing strategy are also
integrated into the control platform to investigate the effective-
ness of the power exchange in the auxiliary power loop within
the OHHM. In the experiment, two EDLCs are first charged to
their rated voltage 12 V. At time ¢1, a sudden high power output
occurs and the terminal voltages of the EDLCs decline to 2 V in
20 ms. At time f, the energy recovery control is activated and
the EDLCs absorb power from the battery cell via the auxiliary
power loop. At time 73, the terminal voltages of the EDLCs
rise to 12 V. Because of the SOC balancing strategy, their re-
covery processes are synchronous. This process is recorded and
shown in Fig. 20, where CH3 is the dc current of the battery
in this experiment. There is an obvious current surge from #;
to #3 since the battery undertakes high power output from #; to
1, and provide recovery power to EDLCs from #; to 3. The dc
current change in the battery justifies that the recovery energy
is provided by the battery via the auxiliary power loop.

Ny = —L = 0.923 (45)

VI. CONCLUSION

In this paper, a novel hybrid energy storage system that con-
tains one battery source and multiple EDLC sources has been
proposed. The main innovation is to use the specific harmonic
frequency component in the quasi-square voltage to transfer



8252

power to the series-connected EDLCs from the battery through
the auxiliary power loop. To precisely utilize the power loop
generated from the voltage and the current at a selected fre-
quency, an OHHM method has been proposed to control both
the direction and the capacity of the power through an auxiliary
power loop by adjusting both the amplitude and the phase shift
angle of the selected harmonic voltage. The selection of the har-
monic order and the maximum power exchange are analyzed
to facilitate the design of the LC branch. The energy recovery
and SOC balancing control of the ELDCs based on proposed
topology and OHHM has been verified through simulations and
experiments.
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