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Abstract—Single conversion stage DC/AC boost inverters are an
attractive solution when integrating energy storage devices, such
as a battery, fuel cell, or supercapacitor to a single-phase AC grid.
However, a second-order harmonic current ripple appears at the
DC side of the inverter increasing the internal heat and losses in the
energy storage device and degrading its lifetime. In this paper, a
rule-based controller is proposed to reduce such harmonic current
ripple component. A key feature and advantage of the proposed
controller is its ability to reduce the ripple current amplitude in
all four inverter output power operating quadrants without being
affected by the capacitor tolerances and the internal resistance of
the inductors. Presented experimental results validate the perfor-
mance of the proposed controller on a single-phase grid-connected
DC/AC boost inverter-based battery energy storage system.

Index Terms—Battery, boost inverter, fuel cell, rule-based
controller (RBC), second-order harmonic ripple current,
supercapacitor.

1. INTRODUCTION

RID-INTEGRATED energy storage systems (ESSs) have
G been gaining immense interest especially for single-phase
applications [1]-[3]. Energy storage technologies suitable for
single-phase applications, such as batteries, fuel cells, and super-
capacitors, require DC/AC power conversion to integrate them
with the AC grid. The boost inverter topology allows the in-
tegration of low-voltage DC sources to an AC grid due to its
single stage DC to AC power conversion capability, providing
boosting and inversion functions in a single conversion stage
and numerous boost inverter-based ESSs were analyzed in the
literature [4]-[15]. Depending on the application and energy
storage technology, a particular ESS can operate in different
operating quadrants. For example, a grid-integrated battery ESS
(BESS) should be able to operate in all four quadrants to handle
both active and reactive power flow on both directions [1], while
a directly grid-connected fuel-cell system needs to be operated
in the first and the second quadrants only avoiding power flow
into the fuel cell [4].
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However, the single-phase conversion from DC to AC using
the boost inverter topology introduces a second-order harmonic
ripple current at the DC side of the converter, and hence, any
DC source has to handle this ripple current component. The
effect of the low-frequency current ripple on DC ESSs has been
analyzed in the technical literature extensively. The impact of
such ripple on fuel-cell ESS was reported in [5] and [6], and
showed that the low-frequency ripple current can increase the
fuel cell losses and results in fuel wastage as well as reduced
lifetime. Ruddell [7] showed that the low-frequency ripple cur-
rent can considerably degrade the lifetime of a lead acid bat-
tery due to internal heating. Furthermore, Bala [8] reported a
noticeable temperature increment in a lithium—iron—phosphate-
battery-based community ESS, as a result of the low-frequency
ripple current component. Due to their high-power capability
and extended cycle life, supercapacitors have become popular
in many hybrid ESSs [9], [10]. However, [11] showed that a
supercapacitor can also overheat when exposed to a continuous
ripple current which in turn leads to the reduction of its lifetime.

A number of second-order harmonic ripple current reduc-
tion methods for the single-phase boost inverter topology have
been proposed in the technical literature [12]-[19] and can be
classified into passive and active ripple current reduction meth-
ods. In the passive methods, a separate energy storage com-
ponent is added to the converter to supply the second-order
harmonic current component, while in the active methods, a
control or modulation scheme is introduced to reduce the rip-
ple current component without incurring additional hardware.
In [12], [13], authors proposed a separate battery storage to
compensate the second-order harmonic ripple current in a boost
inverter-based fuel-cell ESS. However, the method required ad-
ditional hardware and cost. A supercapacitor was employed to
supply the second-order harmonic ripple current in the battery—
supercapacitor hybrid ESS proposed in [19]. However, accord-
ing to [11], second-order harmonic ripple current can adversely
affect the supercapacitor as well. In the case of active methods,
a waveform control (WFC) technique was studied in [15]-[17]
for a boost inverter-based fuel-cell ESS, and Guo-Rong [16]
reported a noticeable efficiency increase in the ESS due to the
second-order harmonic ripple current reduction. However, the
method has to be redesigned every time the load changes. A cur-
rent feedback method for the boost inverter waveform controller
to deal with the changing load conditions was proposed in [14].
However, only the unity power factor operation was consid-
ered limiting its applicability for a boost inverter ESS, which is
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Fig. 1. Single-phase grid-connected BESS.

required to operate in all four output power quadrants. The WFC
method was extended to all possible output power conditions in
[18]. In [14]-[18], the compensation signal parameters were
calculated using an ideal boost inverter model. Hence, the ef-
fectiveness of the second-order harmonic ripple reduction was
affected by the capacitance tolerance of the inverter output ca-
pacitors. In addition, the WFC method cannot compensate for
the effect of the internal resistance of the inductors on the ripple.
Also, the WFC method in [14]-[18] is not directly applicable to
a grid-connected boost inverter because in the grid-connected
inverter, the output power control is achieved by changing the
inverter output voltage with respect to the grid voltage [13].

Various active ripple current reduction methods were pro-
posed in the literature for two-stage DC/AC converter-based
ESSs. A ripple current reduction method using a double-loop
controller was proposed in [20]. Second-order harmonic ripple
current reduction method was analyzed using a back-current
gain transfer function in [21]. An impedance modification
method for the second-order harmonic ripple reduction was
reported in [22]. However, these methods were specifically
designed for the two-stage DC/AC power converter topology.
Since the boost inverter topology has a unique operating behav-
ior due to its differential output voltage, the active ripple current
reduction methods proposed in [20]-[22] cannot be applied di-
rectly to this topology.

In this paper, the WFC method-based ripple current reduc-
tion is extended to the grid-connected operation and the effects
of the capacitor tolerances and the internal resistance of the
inductors on its effectiveness are analyzed. Then, a rule-based
controller (RBC) is proposed to reduce the second-order har-
monic ripple current in the boost inverter-based ESS. The main
advantage of the proposed controller is that it can reduce the
second-order harmonic ripple current in all four output power
quadrants without being affected by the capacitor tolerances and
the internal resistance of the inductors. The effectiveness of the
proposed controller is experimentally verified on a single-phase
grid-connected DC/AC boost inverter-based battery ESS pro-

totype and it is shown that its performance is superior when
compared with the WFC method.

The remainder of this paper is organized as follows. The ba-
sic operation of the grid-connected boost inverter, WFC method
for a grid-connected boost inverter, and the effect of the capac-
itor tolerances and the inductor internal resistance on the WFC
method performance are discussed in Section II. Section III de-
scribes the operation of the proposed RBC for the boost inverter
DC-side ripple current reduction. The boost inverter controller
design is explained in Section IV, while experimental results are
presented and discussed in Section V. Finally, the conclusions
of this paper are summarized in Section VI.

II. OPERATION OF THE GRID-CONNECTED BOOST INVERTER
AND RIPPLE CURRENT REDUCTION

A. Overview

The configuration of the grid-connected boost inverter is
shown in Fig. 1. The converter average model describes its
dynamic behavior [23]. The model equations for the left-hand
side boost converter leg can be expressed as follows:

(1 — dl)vol
(1 — dl)iLl

ey
(@)

Vin — VL1

Z.Cl + 7:ol

where v, and i¢; are the voltage and current of the capacitor
C1,and vy and iy, are the voltage and current of the inductor
L. vy, is the input voltage to the boost inverter, whereas d; is the
duty cycle time average value of the switch SW . Subscript 1
denotes the left-hand side boost converter leg and ¢,; is the
output current of the left-hand side boost converter leg. The
inductor and capacitor differential equations are

Rpvipy + Lidig, /dt
Cldval/dt.

3)
“)

U1

101
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Fig. 2. Generic equivalent circuit of a grid-connected inverter linked to the
AC grid through a lossless inductor.

The objective of the boost inverter is to supply a sinusoidal
voltage v, which follows the reference voltage

Vo ret = Vp sin(wt + 0) 5)

where V,,, w, and J are the amplitude, frequency, and phase angle
of the inverter output voltage, respectively. In order to obtain
the required differential output voltage, the left-hand side boost
converter leg and the right-hand side boost converter leg are
required to follow independent voltage references v, ot and
Vo2 ret across the output capacitors C; and Cs

‘/d + Uo,ref/Q (6)
V;i - Uo,rcf/z (7)

The voltage references v,1 ref and vy ot have a DC shift V;
given by (8), where v, is the input voltage to the boost inverter

Vol,ref =

Vo2, ref =

Vi 2 vin + Vo /2. ®)

The boost inverter can be integrated to a single-phase grid
using an interfacing inductor L, as shown in Fig. 1. The equiv-
alent circuit of the grid-connected inverter is shown in Fig. 2.
In the figure, V,, V,, and 0 are the grid voltage amplitude, in-
verter output voltage amplitude, and phase angle of the inverter
voltage with respect to the phase angle of the grid voltage. For
small § values, the active power (P) and the reactive power (Q)
exchanged with the grid can be approximated as [24]

V,V,
P~ 22
Qng6 ©)
Vo(Vo —V4)
~ L g7 1
@ 2wl (10)

Hence, by proper control of the inverter output voltage ampli-
tude and phase angle with respect to the grid voltage, the active
and reactive power flow between the grid and the inverter can
be achieved [24].

B. Second-Order Harmonic Input Ripple Current Component
in the Boost Inverter

The inverter output current i, is given by
i, = I, sin(wt + «)

(1)

where « is the phase angle of the inverter output current
with respect to the grid voltage. The output capacitor currents
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ic1, Lo are
. V,
ic1 = C’lw? cos (wt + 0) (12)
. Vo
icy = 702"‘)? cos (wt +9). (13)
Using (4)—(6), (11), and (12)
v,
i1 = I, sin(wt + «) —&-Cle cos(wt + 9). (14)
Similarly, io can be written as
) . Vo
ig = —I, sin(wt + ) — C’gw? cos(wt + 9). (15)

Then, using (1), (2), and neglecting losses and energy stored
in the inductors

Vo1 . Vo2
+ 192 .
Vin Vin

lin = 11

(16)

The total input current to the boost inverter can then be ob-
tained as

lin =

1 [VoIo
C

— 15 os (o —9)

Vin

2,,21/2
+ Z\/ [13 + N o sin(a—é)] cos(2wt — 9)]

(17)
where
CwV, sin(26)

—1I, cos(a+9) + 5

cosf =
\/[IE + % + V,I,Cwsin(a — 5)}

and C' = Cl = CQ.

The magnitude and phase angle of the second-order harmonic
ripple component depend on the inverter output current and the
phase angle and, hence, depend on the inverter output power.

The inductor currents 77, and iy are

ir1 = Ay cos(wt+ Ay p)
+ Asyon cos(2wt + Aoy ) (18)
irg = —Ayncos(wt+ Ay )
+ AZw.n COS(2Wt + )"Qw,n) (19)
where
Awm, =
CwV,Vy\?
— [ (L Va)? + <u12d> + I,V?V,Cwsin(a — 6)
Vin
v, C20,2V2
AQw,n = 411111 \/Ig + # + V:)IOCUJ Sil’l(a — 5)
IOV sina + CwV,V,cosd
COS Ay pn = d 2

VT + (S L2V, Cusinie—
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and

—1I, cos(a + §) + Selesin@d)

\/ 12 + C”V + V,I,Cwsin(a — 9)

From (12), (13), (18), and (19), it is clear that the second-order
harmonic current components flow only through the inductors
and not through the output capacitors [16].

COS A2y pn =

C. Second-Order Harmonic Input Current Ripple Reduction
Using WFC Method

In [16], a WFC method was proposed to reduce the second-
order harmonic input current ripple of a boost inverter, which
was operated at a unity power factor. Operation of the WFC
method was extended for all possible power factor conditions in
[18]. In this paper, the analysis of the WFC method is extended to
a grid-connected boost inverter where the inverter output power
is controlled by modifying the inverter output voltage amplitude
and phase angle. Since the boost inverter is a differential inverter,
the output capacitor voltages v,; and v,o can be modified as in
(20) and (21), without affecting the required inverter output
voltage given by (5)

V.

Vo1 = Vi + ?O sin(wt + 0) + Bsin(2wt + ) (20)
Vi . .

vor = Vi — < sin(wt +0) + Bsin(2wt +¢)  (21)

where B is the amplitude of the second-order harmonic volt-

age component and ¢ is the phase angle of the second-order

harmonic voltage component with respect to the grid voltage.
Then, the output capacitor currents can be written as

ol = C’w% cos(wt +0) + 2BCw cos(2wt + )  (22)
_ Vo
iy = —C’w? cos(wt + §) + 2BCw cos(2wt + ¢). (23)

The total input current with the modified output capacitor
voltages as in (20) and (21) can be written as

22 cos(a — 9)

lin =
21}111

2,212
+ 2V \/{[2 e 4V +V,1,Cwsin(a—0)|. cos(2wt — 0)
UlIl

n 4wBCVy cos(2wt + ¢) N 2wB%C sin(4wt + 2¢)

Vin Vin

(24)

where

—1I,cos(a+9) + C”V“ sin(24)

\/[IZ + % + V,1,Cwsin(a — 5)}

cosf =

The first term of (24) is the DC component of the input current
which corresponds to the inverter output power. The second
term is the uncompensated second-order harmonic ripple current
component of the boost inverter. The second-order harmonic
ripple current component due to the second-order harmonic
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output capacitor voltage reference component is given by the
third term of the equation. It can be observed that due to the
modification of the output capacitor reference voltages, a fourth-
order harmonic ripple component is also present in the input
current (the fourth term in (24)). By selecting B and ¢ such that

2,272
‘;;\/{13 e 4V + V,1,Cwsin(a — 9)

+ 4wBCV; cos(2wt + ¢) =0

.cos(2wt — )

(25)

the second-order harmonic ripple component of the input current
can be theoretically eliminated. The parameters B and ¢, which
satisfy (25) are given by

V. C2WL2V?
=2 J|24+=——"9° I, —
8deC’\/[ 24 1 +V,I,Cwsin(« 6)}

(26)

and
I, cos(d + o) — C“E—VO sin(24)

cos()
\/[IO 4+ CeVe V + Vi1, C’wsm(a—é)}

27)

D. Effect of the WFC Method on the Inductor Current
Harmonic Content and Efficiency

With the WFC method, the inductor currents 771 and 77,5 can
be written as

Z.Ll = A‘/«H” COS((“)t + )‘w.n) + Aw,uv COS(OJt =+ A.w,u;)
+ AQuJ,n, COS(2wt + )\Zwm) + A2w,ur COS(Zu}t =+ )ng’w)
+ Asp o cos(Bwt + Az w)

+ Ay sin(4wt + Ay ) (28)

irg = —Ayncos(wt+ Ay ) — Apw cos(wt + Ay )
+ Aoy cos(2wt + Aoy n ) + Ao w 082wt 4 Ay )
— Agipw cos(3wt + Azy 1)
+ A4w,’w Sin(4‘Ut + )L4w,’w) (29)
where
BI, BCwV,\* B2V,I,Cwsin(a — §)
4 4
2BCwWYV,
AQw,’w = ﬂ
Vin
A3w,w

1 3BV,Cw\® (BI,\*> 3B?V,I,Cwsin(a— )
— =) + +
Vin 4 2 4

B*Cw

Vin

A4w,w =
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TABLE I
ESS EXPERIMENTAL PROTOTYPE PARAMETERS

Parameter Value PARAMETER Value
Power converter parameters
Vo 40V f 50 Hz
4,0, 60 uF Li,Lo 210 uH
Iy max 1.5A Tr 0.001
Vi 2v Ssw 20 kHz
Grid parameters
Vy 40V L, 20 mH
Voltage control loop parameters
K, pr 0.1 Kiz pr 6
Kiiprr 4 Wel, We2 0.5
Current control loop parameters
K, p1 2.615 K; pr 8.44 x 1070
Proposed RBC parameters
Ng 1.1 Ny 0.25
Tavg 0.02s Tp 0.03 s
€ 0.01
B I BI, BV, Cw _:
B cos(p — o) — === sin(p — 6)
COS Ay oy =

BI, \?2 BCwV,\2  B*V,I,Cwsin(a—9)
V(BR) + (Bghe)? — ZRLC,
COS Aoy, 4y = COS P

SBV Cw sm(g0—|—5)

\/(33\&@) i+ (%)2 ELE VUIUC:;sin(a—é)

Bl cos(a + )

COS A3y w =

and
COS Ay yy = COS 2.

In (28) and (29), the subscripts “n”” and “w” denote the ampli-
tude and phase-angle components during the normal operation
(without the WFC) and the operation with the WFC method,
respectively. The second-order harmonic components of the in-
ductor currents (28), (29) can be rewritten as

V 02 2V2
iL1.272w = 40\/ Ig + # + VoIon Sin(a — (5)

-cos(2wt — 0) + 2wBCV; cos(2wt + ). (30)

Then, by selecting B and ¢ as in (26) and (27), the second-
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Fig. 3. Frequency content of the inductor current ¢y, 1, without and with the

WEFC method when delivering 10 W active power and 15 V Ar reactive power
to the grid.

the grid. With the WFC, the fundamental frequency component
shows a slight reduction, the second-order harmonic component
is completely eliminated and the third-order and fourth-order
harmonic components are negligible. Since with the WFC the
second-order harmonic current is eliminated from the inductor
and allocated to the output capacitor, the power loss in the induc-
tor is reduced which in turn increases the converter efficiency
as presented in [16] and [25].

E. Selection of the Output Capacitor Capacitance C

From the analysis shown in Section IV, it is obvious that due
to the WFC method, the output capacitors of the boost inverter
have to supply the second-order harmonic power variation as
opposed to the normal boost inverter operation in which the
second-order harmonic power variation is supplied by the input
power source. In the following paragraphs, this effect is analyzed
and it is shown how it affects the selection of the required output
capacitor capacitance as compared with the selection of the
capacitance for the normal operation.

During operation with the WFC, the maximum value of B,
Biax, can be found from (26) for the maximum output current
Iy max as

v, \/ ,  C2L2V2
= [o max = V[() maxc .
§VpuC | o)™+ ===+ VolomaxCw
(31)

Then, the maximum and minimum values of the output ca-
pacitor voltages are

BH]{LX

order }}armonicr‘ c.omponents Qf the inductor currents can be Vol max = Vi + Vo + Biax (32)
theoretically eliminated and will only flow through the output 2
capacitors as evident from (22) and (23). V,

The frequency content of the inductor current without and Vol.min = Va = 9 Bumax- 33)
with the WFC method can be obtained from (18) and (28) us- . . . .
ing the prototype parameters given in Table I. Fig. 3 illustrates In addition, Vg has to satisfy the inequality
the frequency content of the inductor current when the boost in- v,
verter supplies 10 W active power and 15 V Ar reactive power to Vi > vin + B} + Buax- (34)

2 2,212
Vd,min = % Vin + % + <Uin + ?) + 2ZOC \/(Io,max)2 + C""jf‘/o + ‘/(JIo,maXCW) (35)
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Fig. 5. Ripple reduction factor for various values of the inductor resistance
Ry, and capacitance C of the output capacitors when the WFC method is used
(inverter supplies 10 W active power and 15 V Ar reactive power).

From (32), it is clear that the higher the V, the higher the
amplitude of the maximum output capacitor reference voltage
Vo1 max. Since a low value of V; is preferred to reduce the gain
of the boost inverter, a minimum possible value of Vy, Vi 1in,
which satisfies (34) can be obtained from (31) and (34) as, (35)
as shown bottom of the previous page.

Substituting V; = Vi min in (30), the maximum value of the
output capacitor voltages V,1 yax 1S

V,
‘/r)l,max = Vl,min + ? + Bmax- (36)

The relationship of V 1nin, Bimax, and V1 1,.x versus the out-
put capacitance value C for I, ;,,»x = 1.5 A is shown in Fig. 4.
From Fig. 4, it can be observed that higher C leads to lower
Biyaxs Vimin, and V,1 max. Hence, the required output capaci-
tor capacitance value C'q ., can be found as follows. First, the
maximum allowable output capacitor voltage V,1 ax s prede-
termined from the input voltage v;, and the maximum gain of
the converter legs Gax, @S Vo1 max = Vin X Gmax. Next, us-
ing (31), (35), and (36), values of By ax, Vi min, and Vi1 max
are plotted against a range of the output capacitor C values.
Then, for the predetermined V;; n.x value, both the required
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output capacitor capacitance value Cieq. and the required
output capacitor reference voltage minimum DC shift Vj i,
can be obtained graphically as illustrated in Fig. 4.

When considering the normal operation (without the WFC
method), the DC shift voltage V/; has to satisfy the inequality

Vi vt 22 (37)
Hence, the minimum possible DC shift Vj iy is
Vimin = tin + (38)
and the maximum output capacitor voltage V,1 max 18
Vot s = Vi + 2 (39)

From (38) and (39), it is clear that Vj i, and V51 max are in-
dependent of the output capacitor value C. Therefore, during the
normal boost inverter operation, the required output capacitor
value C,q,,, can be found from a selected maximum switching
frequency voltage ripple in the output capacitor voltage wave-
form AV, max, Which is given by

Io maxdl max
AVolmax =~ (40)
b fswCreqm
where
V:)l max — Vin
d max — — (41)
b ‘/ol,max

assuming a lossless conversion. From (40) and (41), the required
output capacitor value C\.q , during the normal operation is

C o Io,max ‘/ol,max — Vin
req,n —

fS\vAV;JI,max ‘/ol,max

The following example illustrates the selection of the required
output capacitor values Cieq,n and Cleq,, for the normal oper-
ation and operation with the WFC, respectively.

Consider a boost inverter with the input voltage v;,,, the out-
put voltage peak value V,, and the maximum peak output current
I, max isequal to 12.8 V, 40 V, and 1.5 A, respectively. Assume
that the switching frequency of the converter is 20 kHz and the
maximum gain of the boost converter leg G, .« is 6. Then, ac-
cording to (39), the maximum output capacitor voltage V1 max
for the normal operation is 52.8 V which corresponds to the
converter leg gain G equal to 4.125. If the required output ca-
pacitor switching frequency ripple AV,1 1ax is less than 5% of
the peak output voltage (AV,1 max = 40 x 5% = 2 V) then the
required output capacitor value Cl.,, for the normal operation
can be calculated from (42) as 28.4 uF.

If the value of C,¢q,,, found for the normal operation is used
with the WFC method, then the required peak output capacitor
voltage V,1 max can be obtained from Fig. 4 as 89.56 V. How-
ever, to achieve this voltage, the converter leg gain G has to be
equal to 7. Since this gain exceeds the maximum possible gain
Grax, the Creq,n value cannot be used with the WFC method
and the C'cq,.» value has to be found as follows. Considering
the maximum gain of the boost converter leg Gy,.x = 6, the
maximum possible output capacitor voltage V1 1ax is 76.8 V.

(42)
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(d)

Second-order harmonic ripple current amplitude as a function of B and ¢ when (a) inverter supplies 15 W active power and 10 V Ar reactive power,

(b) inverter supplies 15 W active power and absorbs 10 V Ar reactive power, (c) inverter absorbs 15 W active power and supplies 10 V Ar reactive power, and

(d) inverter absorbs 15 W active power and 10 V Ar reactive power.

Then, the required output capacitor value Ceq,, to maintain
the output capacitor peak voltage less than 76.8 V can be ob-
tained from Fig. 4 as C\.cq,,, = 54.6 uF. The nearest comercially
available value of 60 iF is then selected in the actual setup.

F. Effect of the Capacitor Tolerances and the Inductor
Resistance on the WFC Method Performance

In the WFC method, (26) and (27) are used to calculate the
required second-order harmonic output capacitor voltage refer-
ence signal to reduce the second-order harmonic input ripple
current. However, in the derivation of (26) and (27), the inter-
nal resistances of the boost inverter inductors are neglected for
simplicity. Moreover, since the second-order harmonic voltage
reference amplitude B and phase angle ( are functions of the
capacitance of the output capacitor, the effect of the output ca-
pacitor tolerances on the ripple reduction using the WFC method
has to be investigated. In order to analyze the effect of the inter-
nal resistance of the inductors and the capacitor tolerances on

the total input current, the inductor currents of the boost inverter
can be written as

) 11001 ) 12V02
i1 =—, i[9 = ————— . (43)
M v —ini Ry b i — 2 Res
Then, the total input current can be obtained from
Vin — \/(V3, — 4R ve1d1)
lin =
2R},
in — 2 — 4R ]
+ v \/(Uln LUO?Z?) (44)
2R,

where R;, = R;1 = Ryo».

The effect of the internal resistance of the inductors and toler-
ance of the capacitors on the total input current can be observed
by simulating (44). Inverter parameters equal to the prototype
parameters summarized in Table I are used in the analysis. First,
the second-order output capacitor voltage reference parameters
are calculated from (26) and (27) using C' = 60 pF. Then, (44)
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Fig. 7. Flow diagram of the proposed RBC for the second-order harmonic
ripple current reduction.

Periodic
Average

Fig. 8.
nique.

Second-order harmonic ripple current amplitude measurement tech-

is simulated for various values of the inductor internal resistance
and considering a £10% change in C. A ripple reduction fac-
tor is defined as the ratio between the ripple current amplitude
without and with the WFC method. Fig. 5 shows the ripple cur-
rent reduction factor for various values of the inductor internal
resistance and +10 % change in the capacitance of the output
capacitors when the inverter supplies 10 W active power and
15V Ar reactive power. Theoretically, a perfect ripple cancella-
tion should result in an infinite ripple reduction factor. However,
asitcan be observed from Fig. 5, the capacitor tolerances and the
inductor resistance cause significant performance degradation in
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the WFC method because it is based on direct calculation of the
second-order harmonic reference voltage parameters. Hence, a
control method which is able to generate the required second-
order harmonic voltage reference signal parameters without cal-
culating them from (26) and (27) can avoid the problem.

III. PROPOSED RBC FOR RIPPLE CURRENT MITIGATION

In this paper, a RBC is proposed to mitigate the second-order
harmonic input ripple current component by adjusting the output
capacitor second-order harmonic voltage reference amplitude
B and phase angle ¢. The main advantage of the proposed
controller is that it can reduce the second-order harmonic ripple
current in all four output power quadrants without being affected
by the capacitor tolerances and the internal resistance of the
inductors.

Variation of the second-order harmonic ripple current ampli-
tude as a function of B and ¢ was analyzed for all four operating
power quadrants to verify that it contains a global minimum.
The results in Fig. 6 illustrate that the function contains a global
minimum which corresponds to the B and ¢ values given by
(20) and (21), respectively.

The proposed RBC incorporates a “perturb and observe”
(P&O) approach [26], [27] to adjust the B and ¢ values. The
flowchart of the proposed controller is shown in Fig. 7. Initially,
both B and ¢ values are set to zero and the second-order har-
monic ripple current amplitude A is measured. The controller
operates in two phases. In the first phase, the value of B is either
increased or decreased to reduce the ripple current component,
and in the second phase, the value of ¢ is either increased or
decreased to reduce the ripple current component. The transi-
tion between the phases occurs when a significant increment
(e) or decrement (—¢) of the ripple current amplitude cannot be
obtained by increasing or decreasing either the value of B or ¢
(see Fig. 7).

Variable step size perturbations are used in the proposed con-
troller algorithm in order to avoid design issues related to the
fixed step size perturbations [26]. The variable step size pertur-
bation method used for B is given by

B, = Bp_1 + NpAp_ (45)

where Np is a scalar, which is tuned at the design time of
the controller and A is the measured second-order harmonic
input current amplitude. Larger Np results in faster dynamics
with increased transition oscillations, while smaller Np results
in slower dynamics with smaller transition oscillations. Since
the controller incorporates a P&O method, an increment of the
second-order harmonic ripple current amplitude may occur due
to the initial perturbation of B. Np can be used to limit the
initial ripple current amplitude change A A;,;; to a maximum
allowable limit A Aj it max. From (24), the maximum possible
change of the second-order harmonic ripple current amplitude
A Ay .« due to a step change in B can be written as

4Cw Vd ABm ax

Vin

A Am ax — (46)

where A By, is the maximum possible step change in B.
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Hence, using (45) and (46), the value of Ng can be cal-
culated to limit the initial step change of the ripple current

amplitude AA;,;; due to the initial perturbation of
B as
Vin AIélinit max
N = : 47
P (4wCVd) Amax “7)

where A Ajyit,max 1S the maximum allowable initial step change
of the ripple current amplitude and A,y is the maximum pos-
sible uncompensated second-order harmonic ripple current am-
plitude which is given by

Vo
2Uin

C2u2 V2
4

Amax - + V;)Io,maxcw .

(48)
The variable step size perturbation method used for ¢ is
given by

[

Ok = Qr—1 + Ny A (49)

where N, is a scalar, which is calculated for a maximum allow-
able phase-angle step change Ay, .« by

. A@max
AHIH.X

There has to be a specific time delay T between each per-
turbation and the ripple amplitude measurement instant. The
value of the required time delay 7p depends on the converter
response time to a step change in the voltage reference and

N, (50)

] gl
Vi+7.0)4

Outer voltage control loop and inner current control loop for the left-hand side boost converter leg.

Grid interfacing

LiFePO, battery inductor

Output
capacitors

IGBT
modules
and gate
drivers

Circuit breakers

Boost inverter inductors

Fig. 11.  Experimental prototype of the single-phase DC/AC boost inverter-
based battery storage system.

the time required to measure the second-order harmonic ripple
amplitude accurately. The faster the measurement of the second-
order harmonic ripple current amplitude, the faster the dynamic
performance of the controller. Hence, a fast Fourier transforma-
tion based amplitude measurement technique [28] is employed
to ensure fast and accurate measurement. Fig. 8 shows the block
diagram of the second-order harmonic ripple current ampli-
tude measurement system. From (24), the total input current
of the boost inverter with modified output capacitor reference
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Fig. 12.  Experimental results illustrating operation of the battery storage system when delivering 15 V Ar reactive power and 10 W active power. (a) Output
capacitor voltage waveforms and inverter output voltage without the RBC. (b) Output capacitor voltage waveforms and inverter output voltage with the RBC.
(c) Inverter output voltage, grid voltage, and inverter output current without the RBC. (d) Inverter output voltage, grid voltage, and inverter output current with the
RBC. (e) Inductor currents and total input current of the boost inverter without the RBC. (f) Inductor currents and total input current of the boost inverter with the
RBC. (g) Frequency characteristics of the input current without the RBC. (h) Frequency characteristics of the input current with the RBC.

signals consists of a DC component, a second-order harmonic The following equations can be obtained after multiplying
component, and a fourth-order harmonic component. The (51) with the reference signals cos(2w?) and sin(2wf)
total boost inverter input current in (24) can be rewritten

as iin cos(2wt) = Iy, pe cos(2wt)
cos(Yay, ) + cos(dwt + o,
iin = Iin,DC —+ Iin,2w COS(QWt + ’)/Qw) + Iirl,?w |: (’YQ ) 92 ( gE ):|
B s cos(deot + ). 1) Lo [cos(2wt + Yaw) ;r cos(6wt + 74/@)]

(52)
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Fig. 14.  Operation of the RBC with step-changing inverter output power.

iin sin(2wt) = Iy, po sin(2wt)

sin(yay ) + sin(4wt + Yo, )}
2

sin(2wt + 4., ) + sin(6wt + 7%)}
5 )

+ Iin,?w |:

+ Iin,4w |:
(53)

By averaging (52) and(53) over a period of the second-
order harmonic waveform (7.,.), the following equations
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can be obtained:
1 Tavg
tin €OS(2wWt)ayg = / lin cos(2wt)dt
Tavg 0
Iin w w
_ T C;)S(% ) (54)
1 Tavg
Gin SIN (2wt )ayy = / lin sin(2wt)dt
Tavg 0
Iin w i w

2

Then, the second-order harmonic ripple current amplitude
can be obtained as

A= 2/ (ity OS(20t)avg)? + (itn SD(20)yrg). (56)

The method requires 7, time to accurately measure the rip-
ple current amplitude. Hence, for the proper operation of the
RBC, the delay time between the perturbations and the mea-
surements 7' has to be selected such that

TD > ﬂwg- (57)

To avoid possible steady-state oscillations, the controller
should be disabled after a predetermined number of iterations.

IV. BOOST INVERTER CONTROL SYSTEM

The overall block diagram of the grid-connected boost in-
verter with the proposed RBC is shown in Fig. 9. The parameters
of the experimental prototype are summarized in Table 1.

Two double-loop controllers are implemented to control the
output capacitor voltages v, and v,9, as given by (20) and (21),
respectively. Each double-loop controller has an inner current
control loop and an outer voltage control loop. The block dia-
gram of the double-loop controller for the left-hand side boost
converter leg is shown in Fig. 10. A proportional resonant (PR)
controller with two resonant components which are tuned to 50
and 100 Hz is employed in the voltage control loop to achieve
better sinusoidal reference following [29]. The transfer function
of the PR controller is given by

2K;1we1 s
$2 4 2w s + w?

2Ki2w(328
$2 4 2wea s + w3
(58)

where K, K;1, and Ky are gains of the PR controller. The
bandwidth of the resonant components can be adjusted using
we1 and wgo. The parameters w; and w9 are selected as 314.2
and 628.3 rads™", respectively. The proportional-integral (PI)
controller-based inner current control loops are designed for
each boost converter leg using the average continuous time
model of the boost converter. The PR controllers for the outer
voltage control loops are designed with 400 Hz bandwidth and
the PI controllers for the inner current control loops are designed
with 4 kHz bandwidth. Both loops are designed to achieve at
least 50° phase margin [23].

Interleaved operation for the boost inverter topology pro-
posed in [19] was adopted in this paper to reduce the switching
frequency ripple current.

HPR(S) = Kp +
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Experimental results illustrating the effect of capacitor tolerances on the ripple current reduction when the WFC method is used. (a) Inductor currents

and total input current of the boost inverter without any ripple current reduction method. (b) Inductor currents and total input current of the boost inverter with the
WEFC method and C' = 60 uF. (¢) Inductor currents and total input current of the boost inverter with the WFC method and C' = 54 uF. (d) Inductor currents and
total input current of the boost inverter with the WFC method and C' = 66 pF. (e) Inductor currents and total input current of the boost inverter with the RBC.
(f) Comparison of the ripple amplitude and ripple reduction factor for cases (b)—(e).

Two PI controllers are designed to control the active and re-
active power exchanged with the grid based on (9) and (10).
A second-order generalized integrator [30] based phase-locked
loop (PLL) is used for the grid synchronization and power mea-
surements. The active and reactive power PI controllers are
designed to have at least 0.1s rise time to ensure proper output
power reference tracking.

The maximum possible uncompensated second-order har-
monic input current amplitude Ay, can be calculated using
(48). The scalar N for the RBC is calculated such that the
maximum initial step change of the second-order harmonic rip-
ple component is 25% of the maximum possible uncompen-
sated second-order harmonic input current amplitude A ,.
The scalar N, for the RBC is selected such that the maxi-
mum possible step change of the phase angle  is 0.75 rads ™.
A large value for € can reduce the ripple reduction perfor-
mance of the controller, while a very small ¢ can lead to
slower dynamics. Hence, ¢ was selected as 0.01 to achieve
better ripple reduction with faster dynamics. All controller

parameters for the experimental prototype are summarized in
Table L.

V. EXPERIMENTAL RESULTS

The proposed RBC for the single-phase grid-connected boost
inverter was verified using an experimental prototype shown
in Fig. 11. A 6.4 Ah, 12.8 V LiFePO, battery was used as the
input power source. MATLAB/Simulink was used to implement
the controller on a DSpace DS1006 platform. Parameters of the
control system are summarized in the Table I. The BESS was
connected to the AC grid through a step-up transformer.

Fig. 12 shows the operation of the grid-connected boost in-
verter without and with the proposed ripple current reduction
method. The inverter is controlled to deliver 10 W active power
and 15 V Ar reactive power to the grid. Fig. 12(a) and (b) shows
the waveforms of the output capacitor voltages and the inverter
output voltage, without and with the rule-based control, respec-
tively. As expected, the output voltage waveform is the same
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TABLE II
SECOND-ORDER HARMONIC RIPPLE CURRENT MITIGATION FOR VARIOUS
OUTPUT POWER CONDITIONS

Active Reactive Ripple Ripple Ripple

power power amplitude amplitude amplitude

[W] [V-Ar] without any reduction factor reduction factor
compensation with RBC with WFC

method [A] method

20 0 1.954 6.65 5.4

—20 0 1.067 6.28 5.1

0 15 0.605 6.80 33

0 -15 1.343 7.07 4.83

15 10 1.454 7.09 4.0

15 -10 1.843 7.26 5.2

-15 10 0.936 7.04 4.7

-15 -10 1.114 7.38 5.9

10 15 1.174 7.50 4.04

despite the difference in the output capacitor voltage wave-
forms. Fig. 12(c) and (d) depicts the inverter output voltage,
grid voltage, and the output current waveforms. Both the active
and reactive powers supplied to the grid are controlled by chang-
ing the amplitude and phase angle of the inverter output voltage
with respect to the grid voltage. The inductor current waveforms
and the total input current waveforms of the boost inverter with-
out and with the rule-based control are shown in the Fig. 12(e)
and (f), respectively. Significant reduction in the DC-side cur-
rent ripple component can be observed after applying the RBC
compared to the conventional operation of the boost inverter.

The frequency spectrum characteristics of the boost inverter
input current are shown in Fig. 12(g) and (h) for both cases. The
second-order harmonic component amplitude with conventional
operation is 1.174 A, while the second-order harmonic cur-
rent component amplitude with the RBC is reduced to 0.156 A
achieving close to 7.5 times reduction in the second-order har-
monic ripple current amplitude. The fourth-order harmonic cur-
rent component with the proposed controller is 32 mA, while it
is 11 mA with the conventional operation. The increment in the
fourth-order harmonic current component is as expected due to
modification in the output capacitor reference voltages. How-
ever, the effect of the increment in the fourth-order harmonic
current component is negligible compared to the reduction in
the second-order harmonic input current component.

Dynamic performance of the RBC is shown in Fig. 13. The
controller is enabled at the time 1 s. First, the value of B is
adjusted to reduce the second-order harmonic ripple current
amplitude followed by a phase angle ¢ adjustment. After several
iterations, significant ripple current reduction is achieved. To
avoid steady-state oscillations, the controller is disabled after
four cycles.

Performance of the proposed controller for a step change
in the output active and reactive power is shown in Fig. 14.
The RBC is reactivated each time, a change in the reference
active or reactive power Pef, Qror Occurs. Since it takes about
2 s to perform the P&O process, this time interval limits how
frequently the change in the reference active or reactive power
can occur.
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Fig. 16. Comparison of the ripple current reduction using the WFC method
and the RBC.

To emulate the effect of the capacitor tolerances on the in-
put current ripple reduction, the capacitance value used for the
second-order harmonic voltage reference parameter calculation
was changed by +10% from the nominal capacitor value 60 pF.
Fig. 15 illustrates the effect of the change in the capacitance
value on the second-order harmonic ripple current reduction
when the WFC method is used. For the considered output power
operating point (10 W active power and 15 V Ar reactive power),
a —10% change in capacitance does not leads to a significant
change in the ripple reduction. However, a +10% change in
the capacitance value results in considerable reduction in the
waveform controller performance.

Since the boost inverter second-order harmonic input current
amplitude and phase angle vary with the inverter output power,
the operation of the proposed controller was tested in all possi-
ble output power operating quadrants. The boost inverter input
current ripple reductions obtained using the WFC method and
the proposed rule-based control method are compared for all
possible output power conditions in Table II and illustrated in
Fig. 16. A comparison of input current waveforms without and
with the proposed RBC in all four output power quadrants is
shown in Fig. 17. It can be observed that the proposed RBC is
able to reduce the ripple current at least six times in all con-
ditions, while the WFC method fails to achieve the significant
ripple current reduction at some of the output power conditions.
Percentage improvement in the ripple reduction  when using
the RBC as compared with the WFC method is also illustrated
in Fig. 16

_ Rrpc — Rwrc

x 100%
Rwrc !

(59)
where Rrpc and Rwre are the ripple reduction factors ob-
tained from the rule-based control method and the WFC method,
respectively.

VI. CONCLUSION

In conventional single-phase DC/AC boost inverter-based
ESSs, a second-order harmonic current ripple exists at the DC
side of the inverter. The ripple current increases the internal
heating and losses in the connected DC energy storage devices
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Experimental results comparing the inductor current and input current waveforms without and with the proposed RBC. Inductor currents and total input

current of the boost inverter when P = 15 W and Q = 10 V-Ar (a) without the RBC and (b) with the controller. Inductor currents and total input current of the boost
inverter when P = 15 W and Q = —10 V-Ar (c) without the RBC and (d) with the controller. Inductor currents and total input current of the boost inverter when
P = —15W and @ = 10 V-Ar (e) without the RBC and (f) with the controller. Inductor currents and total input current of the boost inverter when P = —15 W

and () = —10 V-Ar (g) without the RBC and (h) with the controller.

and degrades their lifetime. Therefore, in order to improve the
lifetime of the ESSs, mitigation of the ripple current is of great
importance. In this paper, it was shown that the effect of the in-
ductor internal resistance and the output capacitor tolerances can
significantly degrade performance of the WFC method. Herein,
a RBC to mitigate the second-order harmonic input current rip-
ple was proposed and experimentally verified. It was confirmed
that the RBC can achieve better ripple current reduction as
compared to the WFC approach without its performance being

affected by the capacitor tolerances and the inductor internal
resistance.
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