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ABSTRACT Three-port intelligent conversion systems, interfacing photovoltaic (PV) arrays and electric
vehicles (EVs), with an electrical grid, are a promising flexible infrastructure for future smart grids. In this
system, multi-energy, direct current (DC), and alternating current (AC) power are decoupled by a larger
DC-link capacitor. However, bulk capacitors prevent the achievement of high power density and high
reliability of this system. To address this issue, active power decoupling control for a single-phase three-port
conversion system is proposed in this paper. Owing to its low internal impedance, the inherent double-line-
frequency ripple power in a single-phase system can be actively absorbed by a Li-ion battery pack, with a
sinusoidal charging/discharging technique, in the proposed control strategy. Therefore, the capacitance of the
DC-link capacitors can be significantly reduced. Further, a DC-link voltage ripple resonant compensation
control loop was developed to ensure single-phase ac power quality on the grid side. Finally, the experimental
results obtained from a 2.5 kVA single-phase three port power conversion prototype verify the feasibility and
performance of the proposed control strategies.

INDEX TERMS Single-phase photovoltaic/battery energy system, three-port converter, power decoupling,

dc-link voltage ripple suppress.

I. INTRODUCTION
The smart grid, as an emerging form of urban power
grid, offers an opportunity for customers to take an active
part in the electric markets [1], [2]. On the other hand,
grid-connected plug-in EVs, which are grid-connected PV
systems, can be leveraged to provide valuable grid ser-
vices [3], [4] when they are managed via an intelligent conver-
sion system. Therefore, a three-port integrated hybrid energy
conversion system, which interfaces EVs and PV, with an
electrical grid, and promises to admit renewable energy inte-
gration and intelligent energy management at high efficiency
and reliability [5], has drawn increasing attention.

As EVs are typically charged or discharged at several
kilowatts [6], the PV/battery hybrid energy system commonly
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interacts with a single-phase grid. In a simplified config-
uration of the PV/battery hybrid system, the power flows
among the batteries in EVs, PV arrays, and the grid, along
with the interconnection between the three-port conversion
system (hereinafter referred to as TPCS), as shown in Fig.1.
The interconnection can be performed through four different
operation modes under the frame of the smart grid:

1) PV2G operation mode: The DC energy produced by the
PV arrays is converted to AC energy and injected into
the single-phase grid.

2) V2G operation mode: DC energy from EVs is dis-
charged to the grid, providing ancillary services to the
grid.

3) G2V operation mode: EVs batteries are charged by AC
energy from the grid.

4) PV2V operation mode: EV batteries are charged by DC
energy, which is produced by the PV arrays.

160975


https://orcid.org/0000-0001-7194-4496
https://orcid.org/0000-0003-2010-5777

IEEE Access

Z. Zhang et al.: Power Decoupling Control for V2G/G2V/PV2G Operation Modes

S

Single-phase
Utility Grid

Bidirection
DC/DC

. _Three-Port Conversion System:

EV Batrls

Operation modes: PV2G —» V2G —» G2V <¢— PV2V—>

FIGURE 1. Schematic diagram of the PV/battery hybrid system and its
operation modes.

Among the aforementioned operation modes, the inherent
double-line-frequency power pulsation on the grid side of the
TPCS may have negative effects on the PV/battery hybrid
system. These negative effects, such as voltage fluctuation
in the DC-link, distortion in AC current of TPCS, reduced
life expectancy of dc capacitors, and reduction in effi-
ciency, reliability, and stability of the entire system [7], [8].
In particular, as multiple energy flows and multiple oper-
ating modes consist of TPCS, the power-coupling problem
becomes complex. Consequently, there is an urgent need
to study appropriate power-decoupling control strategies for
TPCS.

To mitigate or eliminate double-line-frequency ripple
power, various power decoupling topologies and control algo-
rithms have been presented in the literature. Increasing the
capacitance of the DC-link capacitor is a straightforward
and valid solution for ripple power decoupling, which was
reported in [9], [10]. However, a larger dc-link capacitor
leads to a lower power density, and the requirement of larger
electrolytic capacitors contradicts the high reliability and
long lifetime requirement. Moreover, the size and price of
the capacitor depend on the capacitance. Thus, a capacitor
with a higher capacitance is much more expensive and bulky.
Therefore, several active decoupling techniques have been
proposed recently. Generally, these active decoupling meth-
ods can be classified into two main categories: (1) adding
active auxiliary circuits, such as [11]-[15] and (2) modifying
the conventional control algorithms or modulation methods,
such as [16], [17]. Refs [11], [12] adopted a symmetrical
half-bridge circuit and utilized dc-link capacitors to absorb
ripple power. By doing so, a capacitance reduction was
achieved. Ref [13] adopted a full-bridge-type active power
decoupling circuit to ensure high efficiency and accuracy for
maximum power point tracking in a single-phase PV inverter.
Refs [14], [15] used a buck converter supplied by a third
winding of the transformer to generate the necessary ripple
cancelation demanded by the DC side. From the perspective
of active power decoupling modulation and control, Ref [16]
analyzed the harmonics caused by the voltage ripple in an
inverter with a feedback control, and derived a closed-form
solution to calculate the amplitude of the ripple-caused har-
monics for harmonic-free modulation. By adopting double-
channel current feedback, Ref [17] forces all ripple power
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absorbed through the DC-link capacitor, and thus achieves
the objective of ripple-free input current.

In the above studies, the ripple power is absorbed by active
auxiliary circuits or passive components, DC-link capacitors,
or input inductors, but the latter results in an increase in the
input current ripple or DC-link voltage ripple. Specifically,
for the case of a TPCS in a PV/battery hybrid energy system,
PV arrays are unsuitable for decoupling the ripple power
owing to their high impedance characteristics. Meanwhile,
large-capacity electrolytic capacitors should be avoided to
reduce the system volume and cost. Moreover, to achieve
high stability under steady-state operation, a rapid transient
response, high AC power quality, and low DC-link voltage
ripple should be promised [18], [19]. In fact, supposing
the ripple energy absorbed by the batteries alternatively, the
dc-link capacitance can be significantly reduced, and minor
impacts on temperature rise are brought [20], [21]. Sinusoidal
ripple current charging (SRCC) has been reported to increase
both the charging efficiency and energy efficiency in batter-
ies [22]; however, studies on employing the sinusoidal charg-
ing/discharging technique to achieve the power decoupling
function for the TPCS are lacking.

Based on the synthesis of the SRCC scheme and an
in-depth analysis of the ripple power balance, a novel power
decoupling control strategy is proposed. In contrast to the
existing literature, Li-ion batteries are specially selected for
power decoupling components, based on the AC equivalent
impedance model, and the analysis of different characteristics
of the PV array and Li-ion battery. With a finely designed
sinusoidal charging scheme and additional direct control path
on the DC-link voltage ripple, the proposed power decoupling
method can be effectively applied in V2G/G2V/PV2G opera-
tion modes in single-phase TPCS. To this end, the frequency
of SRCC is specially tuned in double-line frequency; thus, the
ripple power can be absorbed with much less dc-link capac-
itance. Moreover, this study analyzes the power flow and
ripple power of the TPCS in terms of power conservation and
power balance. Finally, comprehensive experimental results
obtained from the two-stage TPCS prototype are presented to
verify the performance of the proposed method.

Il. ANALYSIS OF THE RIPPLE POWER FLOW AND THE
SELECTION OF DECOUPLING COMPONENT FOR
SINGLE-PHASE PV/BATTERY HYBRID SYSTEM

A. TOPOLOGY OF THE TWO-STAGE THREE-PORT
SINGLE-PHASE PV/BATTERY HYBRID SYSTEM

A bidirectional half-bridge dc/dc converter (buck-boost con-
verter) is used to interface with the batteries in EVs, and the
boost converter is used to interface the PV arrays. Lpy denotes
the boost inductor, and upy and ipy denote the input voltage
and input current of the boost converter on the PV side,
respectively. Lg denotes the inductor of the bidirectional half-
bridge dc/dc converter, and ug and ig denote the input voltage
and input current of the buck-boost converter, respectively.
It is worth mentioning that, in this hybrid energy system, the
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FIGURE 2. Topology of the two-stage three-port single-phase PV/battery
hybrid energy system.

three converters are integrated in a single DC-link capacitor
C, maintaining the characteristics of each converter. The AC
filter is composed of inductors Ly, L, and capacitors Cf, ug
is the grid voltage, and i, is the grid current injected by the
PV/battery hybrid energy system.

B. GENERATION AND PROPAGATION MECHANISM OF
RIPPLE POWER

Based on the instantaneous power theory, the generation
mechanism of ripple power on the grid side of a single-
phase PV/battery hybrid system can be studied analytically.
Considering the operation modes of V2G, G2V, and PV2G,
TPCS usually provides reactive power to the grid; therefore,
the angle of the grid current iy laying behind the grid voltage
ug is assumed to be ¢. Thus, the instantaneous values of the
grid voltage and grid current can be written as:

ug = Ugsin (wt), €))]
ig = Igsin(wt — @), 2)

where U, and I, denote the grid voltage and grid current
amplitudes, respectively, and w describes the fundamental
angular frequency of the grid. If the reactive power is consid-
ered, the instantaneous power from the grid, p,, can be written
as:

Pg = Ugiy = Ug sin (wt) I sin (ot — ¢)
1 1
= EUgIg cos ¢ — EUgIg cos Qwt — ¢)
= pd + pr. 3)

Equation (3) shows that there are dc power and ac double-
line-frequency ripple power in the grid, presented by the first
and second items on the right-hand side of (3). These can be
defined as pq and p, respectively. Supposing that p,y and pg
are the instantaneous power in the PV array side and battery
side, respectively, and assuming that there is no power loss in
the TPCS, the grid power py is equal to the sum of ppy and
DB, in the direction definition in Fig.2, namely:

DPg = PPV + DB. “

In the operation modes of V2G, G2V, and PV2G, the ripple
power should be absorbed by the intermediate dc-link in
TPCS, as the sum of p,y and pg is the direct current. Con-
sequently, the pulsating power can propagate to the DC-link,
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PV arrays, or batteries, leading to a double-line-frequency
voltage ripple in the DC-link voltage uq4, or current ripple in
the input current ipy, ig on the PV or EV side, respectively.
Assuming that the dc-link voltage uq. is approximated by its
mean value Uy, ugc can be derived as:

uge = Up + ur, &)

where u; is the voltage ripple in the DC-link. Assuming the
pulsating power p; absorbed by the DC-link capacitors, it can
be expressed as [23]:

1
= —ngIg cos Qwt — @) . (6)

By performing integration on both sides of equation (6) and
omitting the second-order item, u; can be derived as:

_ Uiy
Ur =
4wCUy
On the other hand, assuming that the ripple power p; is
absorbed by the input inductor Lpy or Lp, in the front-end
dc/dc converters completely, the current ripple irpy and i,

which are superposed into the PV input current ipy and
battery input current ig, respectively, can be derived as [24]:

sin Qwt — @) . @)

' Ule Qot — ¢) ®)
1 = sin (2wt — R

v 4wLpyIpyo ¢

' Ule Qot — ) )
;B = ———— sin 2wt — s

B dwLglgg ¢

respectively. where Ipyy is the mean value of the input current
ipy, and Ipo is the mean value of the input current ig.

From (7), (8), and (9), it is observed that a much higher
value of capacitors or inductors is required when employing
passive solutions to absorb the ripple power.

C. THE SELECTION OF RIPPLE POWER DECOUPLING
COMPONENT

To develop the active decoupling method, a decoupling com-
ponent should be selected with careful consideration. Based
on the analysis of ripple power flow and the topology of the
TPCS, the inherent double-line-frequency ripple power can
be decoupled by three passive components: DC-link capac-
itors, PV arrays, and battery packs in EVs. This subsection
describes the selection of the optimal decoupling component.
Large electrolytic DC-link capacitors are direct decoupling
components; however, the lifetime of such capacitors is usu-
ally limited and may compromise the system reliability [25].
Therefore, batteries in EVs and PV arrays are considered to
be a ripple power decoupling component. Before selecting
the optimal decoupling component, the impedance character-
istics of the PV arrays and battery packs should be analyzed
first.

In the front-end dc/dc, to decouple the ripple power and
reduce the voltage ripple in the DC link, the ripple component
in the input current ipy or ig, which is propagated from
the back-end inverter, should be amplified. Generally, the
current ripple ir, caused by the coupling ripple power, can be
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FIGURE 3. Equivalent circuits under different power conditions:
(a) equivalent model of propagation circuit for the current ripple, (b) ac
impedance equivalent circuit of PV arrays, (c) ac impedance equivalent
circuit of Li-ion battery pack.

equivalent to a current source in an equivalent propagation
circuit. Assuming z(jw) as the ac impedance of PV arrays
or Li-ion batteries, the magnitude Z», of z(jw) at double-
line-frequency 2w determines the value of the current ripple
propagated into the input terminal, as shown in Fig.3(a).

Fig.3(b), Fig.3(c) show the ac impedance model of the
PV arrays and Li-ion batteries, respectively. In the small
signal model of the PV arrays, the diode is modeled in the
circuit by Rq (dynamic resistance) and Ry, (shunt resistance)
connected in parallel, Cq (diffusion capacitance) and C; (tran-
sition capacitance) connected in parallel. Ry is a resistance
showing the nonlinear characteristics of the diode. C; is a
capacitance from the space charge existing in the depletion
layer of the PN junction. Cy is a capacitance proportional to
the amount of the minority. Assume

Rp = Ry//Rq,
Cp = CyllCy,

(10)
(11

the equivalent impedance zpy (jw) can be simply expressed in
Equation (12) as a function of the frequency [26].

R wR%:C
tpy () = [Rs + —"2] - [%} :
(a)RpCp) +1 (a)RpCp) +1
(12)
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FIGURE 4. Nyquist plot of ac impedance with frequency rise.

The equivalent circuit model of a Li-ion battery is a
combination of a voltage source, resistors, and capacitors.
Its dynamics are described by an RC ladder circuit [27],
as shown in Fig. 3(c), in which R; represents the series
resistance, and R, and Cj are the resistance and capacitance
of the RC ladder, respectively. The ac equivalent impedance
can be expressed as:

R2 .
2Li (jo) = |:R1 + —22] —J [w—z?} :
(a)Rij) +1 (a)Rij) +1

13)

By observing (12)—(13), the current ripple can be evaluated
by comparing the parameters of these models. When w —
2007 (double-line-frequency f; = 100 Hz), the impedances
of the PV arrays and Li-ion batteries on the real axis tend to
Rs+Rp and Ry + R», respectively. Normally, Rs + R}, is much
larger than R + R [28], [29]. Therefore, |zpy (2007)| (of the
order of ohm) is much larger than |z1;(2007)| (of the order
of 10 million). Based on the above quantitative analysis, it is
clear that Li-ion batteries in EVs are more suitable for ripple
power decoupling than PV arrays, with the current ripple
injection control strategy.

D. SINUSOIDAL RIPPLE-CURRENT
CHARGING/DISCHARGING

From the viewpoint of the electrical circuit, different charging
frequencies will result in different battery AC impedances,
based on the AC impedance model of the Li-ion battery,
as interfered with by equation (13). Fig. 4 shows a Nyquist
impedance plot obtained by calculating the impedance by
frequency.

Obviously, the frequency-dependent battery impedance is
minimized at high frequencies in the AC analysis. As a
result, in [30], it was shown that the SRCC technique
improves the charging time in comparison with the tradi-
tional constant current-constant voltage (CC-CV) charging.
In particular, in the TPCS application, although the double-
line frequency (100 Hz) is not the optimal frequency (approx-
imate to 1000 Hz), which corresponds to the minimum AC
impedance of batteries, the equivalent impedance |z ;(2007)|
is much smaller than |zp;(0)|, with traditional DC charging.
Therefore, the energy loss in the battery charging/discharging
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process can be reduced significantly, and the charge transfer
efficiency improves.

As the aging effects of AC ripple current are concerned,
SRCC has a negligible impact on the cycle-or calendar-life
of Li-ion cells in most cases, when the amplitude of the sinu-
soidal ripple current is limited to 1C (capacity), as concluded
from the study of Ref [31]. Additionally, as reported by
Refs [32], [33], SRCC has the best charging/discharging per-
formance, improving the charging time, charging efficiency,
and lifetime of the battery.

Ref [34] studied the long-term impact of current ripple
on battery performance degradation and comparative exper-
iments with different charging strategies. According to the
results of comparative experiments, the CC-CV’s resultant
capacity after 839 cycles is equal to that of the SRCC strategy
after the mental result shows that 1000 cycles, with a constant
average magnitude of the current ripple at 1C, constantly.
This means that the lifetime is improved by approximately
16.1% using the SRCC strategy. Ref [35] investigated the
functions of a sinusoidal waveform charging strategy and
concluded that notably reviving aged batteries and prolonging
battery cycle life can be achieved by utilizing SRCC for
charging Li-ion batteries. Overall, although long-term tests
on battery lifetime are certainly necessary, preliminary results
show that the amplitude-limited double-line-frequency ripple
charging current has a minor impact on the capacity and
lifetime of Li-ion batteries.

E. REDUCTION OF DC-LINK CAPACITANCE WITH SRCC
STRATEGY

Supposing A is the ratio of dc-link voltage ripple, namely,

P (14)
= U
According to (7), the DC-link capacitance is [17]:
U,l,
=& (15)
2w U;

In the proposed 2.5 kVA TPCS, assuming that the rated dc-
link is set to 360V, and U, = 311V, the minimum value of the
dc-link capacitance with the conventional passive decoupling
approach is 6144uF, taking A = 1%. For the evaluation of the
reduction of the DC-link capacitance with SRCC, a further
study is shown in Fig.5, assuming a rated voltage of 250V of
rated voltage, and 10Ah capacity for Li-ion batteries in the
TPCS.

Fig. 5 demonstrates that the requirement of the dc-link
capacitance can be decreased significantly with the SRCC
technique. In extreme cases, no decoupling capacitance is
needed when the coupling ripple power is absorbed by
Li-ion batteries, and the AC amplitude is within the limit
area of safety operations. However, according to the prin-
ciple of dc/ac conversion, a small DC-link capacitance
is still necessary for power balance and switching noise
filtering.
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IIl. ACTIVE CONTROL STRATAGY FOR ALLEVIATING THE
DC-LINK BUS VOLTAGE RIPPLE WITH SINUSOIDAL
CHARGING/DIACHARGING

A. CONTROL SCHEME FOR V2G/G2V/PV2G OPERATION
MODES IN TPCS

The general control scheme for V2G/G2V/PV2G operation
modes, in which the grid is involved in the TPCS, is shown in
Fig.6. In these operation modes, a direct power control algo-
rithm was used. As the phase-locked loop (PLL) is adopted
for the detection of the grid angle, the active and reactive
powers p and g are expressed as

N
q 2| —ug Uy g

in «-p stationary coordinates based on the instantaneous
power theory. where uy, ug and iy, ig are filtered, 90° phase
delay for grid voltage ug, and grid current iy, respectively, by a
second-order generalized integrator (SOGI). p}; and g ; are
the active and reactive power commands, respectively, from
the superior controller, according to the ancillary services
for the smart grid. Two PI regulators were used for feedback
control in the two power control loops. The active power
command p?,; can be set to positive or negative to control
the TPCS to inject or absorb active power from the grid.
In addition, the reactive power command g can be positive
or negative, meaning that the TPCS provides the leading and
lagging reactive power to the grid. The grid current reference
iy is derived using equation (17) when ig = ij,.

iz(iz) __2 [““ _“5“1’*]. (17)
i w2 +uy LUp Ua q*

Finally, the grid controller adopts a proportional-resonant
(PR) controller:

Krgws
s2 4 w?’
where Kp,; and KR, are the proportional and resonant param-
eters, respectively, and w is the grid fundamental angular
frequency.

It is worth noting that, in the TPCS, DC-link capacitors
are unsuitable as the power decoupling component, not only

Gpr (s) = Kpg + (18)
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for lifetime and volume reasons, but also because the DC-link
voltage ripple will result in the reduction of AC power quality.
As shown in Fig.6, the dc-link voltage is regulated by adding
the active regulation power Ap to the power control loop,
which is the sum of the active regulation power Ap, and the
active power reference pj; is expressed as

Pref = P;kef + Ap. (19)

However, if the DC-link voltage ripple is induced, the
active power p* will contain a double-line-frequency com-
ponent. Then, the third-order harmonic is inducted in the grid
current reference ig by equation (17); thus, ac quality will be
reduced.

B. CONTROLLER FOR INPUT CURRENT RIPPLE

To achieve power decoupling and allow ripple power to flow
into the batteries completely, among the V2G/G2V/PV2G
operation modes, the ripple component should be super-
posed into the current reference, and a sinusoidal charg-
ing/discharging current reference is formed. Meanwhile,
in different operation modes, the current reference is derived
from different control objectives.

1) The V2G operation mode, where the EVs provide
ancillary services (providing active and reactive power)
to the grid, and the current reference for the front-end
bidirectional dc/dc converter igref, can be derived from
instantaneous grid power, assuming no power losses.

. Pg Ugly Ugly
i == === — —==cos Qwt —
Bref Us 2 % 2 ( ®)
= Ich + irB7 (20)
Ugl Uy
where, Ijcp = 2Ug CoS @, i = 2U — ).

The amplitudes of the grid Voltage and current are
easily obtained by Equation (21), and less delay is

introduced.
Ug = Ju2 + 14/23
ig = /i2 + i

Obviously, ipref is composed of two components,
namely, the dc component I3.g, to provide active

21

160980

power, and the current ripple i;g, for the decoupling
power.

PV2G operation mode, in this mode, the active power
in the grid is provided by the PV arrays through the
front-end boost converter. Thus, the current reference
iBref 18 to mitigate the DC-link voltage ripple in the form
of a sinusoidal, as follows:

. Pr U gIg
IBref = 777 =

Up 2UB
In the G2V operation mode, in this mode, the active
power is delivered from the grid, and the battery charg-
ing energy determined by the grid current iy and phase
angle ¢ is calculated using the power manager system
(PMS). The current reference igrf can be expressed by
Equation (23), as defined in Fig.2.

2)

cos Quwt — @) = ip. (22)

3)

. De Uglg n Ul Qut — ¢)

1 = - = COS — COS (Lw

Bref UB 2UB @ 2UB %
= I4cB + itB. (23)

Overall, the target of the control strategy for the input
current on the battery side is to track the current ref-
erence, ipref, for battery discharging or charging oper-
ation. The block diagram of the battery input current
control scheme is shown in Fig.7(a). Dg(s) is the duty
ratio in the s-domain, 7'(s) is the transfer function
for the dc/dc converter, and a low-pass filter (LPF)
is used to filter the switching noise. Because iprer 1S
composed of a dc component and an ac component, and
the sinusoidal component is introduced into the current
control loops, a sufficiently high gain for the sinusoidal
component at the double-line frequency should be ful-
filled. A simple PI controller superposed by a resonant
controller forms a PIR controller, as shown in Fig. 7(b),
and the transfer function is expressed as:
2
Hi(s) = Ky + SRR
) §% + 2wes + o

where K, Kj, and KR are the proportional, integral,
and resonant controller parameters, respectively, @ is
the system resonance attenuation coefficient, and wy is
the resonance frequency, tuned to be synchronized at

(24)
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the double-line frequency, namely, wp = 2w. Consid-
ering K, = 2, Kj = 50, w. = 10, and Kr = 100, the
Bode diagram is shown in Fig. 7 (c). From the Bode
diagram, it can be observed that the PIR controller
has a high gain not only in the low-frequency band,
but also at the resonant frequency wy. This reflects the
inhibitory effect of the controller on the resonant ripple
current and DC component.

C. PREDICTIVE CURRENT CONTROL

Focusing on the closed-loop current controller for the half-
bridge PWM dc-dc converter, to compensate for the delay
induced by the sensors, LPF, and PI regulator in Hj(s), the
predicted current control algorithm is proposed in Fig.8. Once
the current references are obtained at instant k, they must be
extrapolated to k + 1 instant; thus, the following fourth-order
Lagrange extrapolation [36] can be used:

iBreff' (k+1) = 4iBref (k) — 6iBref (k—1)
+ 4igrer (k —2) — igres (k —3).

Then, the controller can predict the duty ratio Dy (k + 1)
for the (k 4 1)th cycle. Additionally, the controller can finely
adjust the duty ratio based on the current difference between
the predicted reference current igrf(k + 1) and the reference
current igrer(k) in k instant by parameter Kt.

(25)
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I (K +1)

FIGURE 8. A control block diagram of the half-bridge PWM dc/dc with
predict current algorithm.

IV. RESONANT COMPENSATE CONTROL SCHEME FOR
DC-LINK VOLTAGE RIPPLE FURTHER MITIGATION
METHOD
In the ideal case, assuming 100% conversion efficiency, all
ripple power flows into the battery pack, and there is no volt-
age ripple in the DC link. However, some voltage ripple still
remains in the DC-link because of imperfect implementation,
such as the phase delay in the control loop. Moreover, if the
ripple power, which is absorbed by the ac inductors L and L,
into account, the instantaneous ripple power of the coupling
ac inductor is defined as pr,, assuming the grid inductor
Ly =Ly + Ly,
cdig 1 2.
PLr = nggE = Ea’LgIg sin Qwt — 2¢) . (26)

The actual ripple power p;a transmitted to the DC link is
in the grid current control loop. The actual lagged phase 6 for
ripple power can be calculated with the instantaneous grid
voltage and grid current using Equation (27).

PrA = Pg — PLr — Pd
1 1 i
= —5 Uglg cos Qot — ¢) — Ea)Lglg sin Qor — 2¢)
= Pyscos Qwt — 0). 27

Thus, the parameter drift of inductors may also result
in voltage ripple remains in the DC-link, derived from
equation (27).

In order to completely compensate the voltage ripple in
the DC-link, which is caused by the power losses, non-ideal
implementation, calculation errors, and parameter drift of
inductors, it is necessary to adjust the amplitude and phase
of the current reference in equations (20)-(22). Therefore,
an additional closed-loop control, as shown in Fig.9, was
induced to fulfill the full compensation condition.

In the additional closed loop, the voltage ripple reference
u’ = 0, the voltage ripple error is regulated by the regulator
H,(s),

Kyrwos

Hy(s) = Kyp + 5. 2
s

- (28)
+ w;

where Ky, and Kyg are the proportional and resonant
controller parameters, respectively. The output of regu-
lator H,(s) is the adjusted value ir, forming the new
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FIGURE 9. Close-loop control scheme for current controller with
additional closed loop control on dc-link voltage ripple.

| Input inductors

DC-link
capacitors

FIGURE 10. Experimental prototype of TPCS.

current reference iEref’ by adding iprf, as shown in
Fig.9 and equation (29).

IBref = IBref + IR. (29)
V. EXPERIMENTAL RESULTS

The experimental prototype shown in Fig.10 was constructed
to verify the performance of the power decoupling control
method. The corresponding experimental parameters are pre-
sented in Table 1. In this prototype, an intelligent power
module (IPM) integrating seven IGBTs, PMSORLAO60 from
MITSUBISHI, was used. The control of operation modes for
TPCS was implemented by a Texas Instruments F28335 DSP-
based platform. It is worth noting that electrolytic capacitors
are replaced by four film capacitors (each capacitor is 50uF)
for the DC-link, and only 200«F is used in total. The Li-ion
battery 3.25V in series, the nominal voltage of the battery
pack is 243.75 V, pack is composed of 75 battery cells with
nominal voltage, the actual output voltage is 245 V, and the
nominal capacity is 15Ah, almost 1/6 of the practical battery
capacity of EVs. The open-circuit voltage of the PV arrays
was 250V, and the short-circuit current of the PV arrays
was 12A.

A. V2G OPERTION MODE
Fig. 11 shows the grid voltage (u), grid current (i), discharg-
ing current of the battery pack (i), and dc-link voltage (u4c)
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TABLE 1. Parameters of 2.5 kVA prototype.

Parameters Value
Switching Frequency f/Hz 20k
ac filter inductor L, =LymH 1.5
Input boost inductor L,/mH 2
Bidirectional dc/dc  inductor 5
Lp/mH

dc-link capacitor  C/uF 200
Rated Capacity S./kVA 2.5
Output frequency f/Hz 50
Rated out voltage  u,/V 220

Rated battery Pack Voltage us’v =~ 245
Nominal capacity of battery

Pack/Ah "
PV open circuit voltage u,,/V 250
PV short circuit current i/A 12
Rated dc-link Voltage uqc/v 360

during the V2G operation mode for an operating power of
2.45 kW, with a power factor (PF) of unity. In Fig.11(a), the
battery pack discharges dc energy (ip = 10A current, output
voltage up = 245V) to the grid without power decoupling
control, and the ripple power is decoupled by the DC-link
capacitors, and the DC-link voltage and ripple measurements
are performed by applying an offset to channel 3, with ac
coupling mode in the oscilloscope. From the waveforms in
Fig.11(a), a 50V (peak-peak value) ripple in the DC-link
voltage can be observed, without the power decoupling con-
trol, and the grid current is distorted. Fig. 11(b) shows the
waveforms of the TPCS when it is working in the V2G
operation mode, with PF = 1 and power decoupling con-
trol (PDC). It can be seen that the discharging current ip
becomes sinusoidal with the dc offset, decoupling most of the
ripple power; thus, the DC-link voltage ripple is decreased
to 14V. However, the ripple at 100 Hz is still exhibited in
the DC-link voltage, indicating that the ripple power is not
completely absorbed. To fully suppress the 100 Hz voltage
ripple in the DC-link, a closed-loop control strategy for
DC-link voltage ripple mitigation (VRM) is proposed in Part
C of Section III, as shown in Fig. 11(c). The dc-link voltage
ripple is further decreased, and only 2.5V (peak-peak value) is
observed. Fig.11(d) illustrates the harmonic spectrum of the
grid current i, in Fig.11(a), Fig.11(b), and Fig.11(c). From
the fast Fourier transform (FFT) analysis, the total harmonic
distortion (THD) of i, in the three experimental studies were
5.06%, 4.1%, and 2.98%, respectively. The AC power qual-
ity has been improved, and most harmonics especially the
3" harmonic have been reduced in large quantities.

Fig.12 illustrates the results of the dynamic performance
experiment for TPCS during the V2G operation mode, with
PF = 1. In both the transients of sudden startup and sudden
stand-by of the proposed active PDC + VRM control, TPCS
can stabilize again in less than half of the power cycle. This
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FIGURE 11. Experimental results during the V2G operation mode, with
PF = 1: (a) without PDC; (b) with PDC; (c) with PDC + VRM; (d) harmonic
spectrum of grid current of (a), (b) and (c).

means that a good dynamic performance can be ensured for
the TPCS.

Fig.13 and 14 show the results of experimental validation
studies for TPCS, which is working in V2G operation mode,
providing active and reactive power to the grid. In Fig.13, the
available energy in the battery feeds to the grid through TPCS,
while providing inductive reactive power to the grid, with an
apparent power of 2.2 kVA (ug = 220V, iy = 10A), PF=0.8.
The battery pack feeds 1.76 kW active power and 1.32 kVA
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FIGURE 12. Dynamic transient responses with the proposed PDC + VRM:
(a) sudden startup; (b) sudden stand-by.

inductive reactive power to the grid. Meanwhile, the ripple
power decoupling function is illustrated in Fig.13(b), with the
proposed ripple power decoupling control and voltage ripple
mitigation algorithm. It can be seen that the DC-link voltage
ripple is decreased dramatically, from 42V to 5V, in peak-
peak value, by comparison of channel 3 of Fig.13(a) and
Fig.13(b).

The harmonic spectrum of the grid current iy in
Fig.13(a)—(b) is illustrated in Fig.13(c), where the THD of
ig decreased from 3.02%, t0 4.92%.

A similar result of the experiment is illustrated in Fig.14,
where the TPCS operates in the V2G operation mode, pro-
viding capacitive reactive power to the grid, with PF =
—0.8. With the proposed PDC 4+ VRM control algorithms,
the DC-link voltage ripple decreased to 6V from 42V. The
same apparent power as that shown in Fig.10 is fed from the
battery pack, with a sinusoidal discharging current offset by
the 8A DC component, the ripple power decoupling function
is obtained, the AC power quality is improved, and the THD
of ig is decreased to 2.75%, from 4.81%.

B. PV2G

In the daytime, when solar radiation is abundant, PV energy
is fed to the grid through the TPCS. Therefore, the battery
pack implements the ripple power decoupling function dur-
ing the PH2G operation mode. In this case, the validation
capacitance film capacitors are used in the DC-link, 45V
voltage ripple is measured in the TPCS, while upy = 225V,
ipy = 9.25A, and 2081 W active power feeds to the grid,
with maximum power point tracking (MPPT). To suppress
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the DC-link voltage ripple, the battery pack absorbs ripple power, and decreasing the voltage ripple. Only 5.5V voltage
power and provides zero active power. Fig.15(b) illustrates ripple can be observed in the dc-link, with more than a 2%
that the battery pack current ig is sinusoidal without a dc decrease in the THD of the grid current iy, from 5.21%
offset, as shown in equation (21), decoupling the ripple t0 2.98%.

160984 VOLUME 9, 2021



Z. Zhang et al.: Power Decoupling Control for V2G/G2V/PV2G Operation Modes

IEEE Access

C. G2v

Fig.16 shows the experimental waveforms of the TPCS
during the G2V operation mode for an operating power
0f2125W. During this operation mode, the grid current i is
in the opposite phase with the grid voltage, and the TPCS
draws the energy from the grid and charges the battery pack.
Without active power decoupling control, the charging cur-
rent iB is 8.5A, the battery terminal voltage is 245V, and
the THD of the grid current is 5.16%. With the proposed
control algorithm, the DC-link voltage ripple is significantly
decreased from 56V to 5V, whereas the THD of the grid
current is noticeably decreased to 2.88%.

VI. CONCLUSION
By interfacing PV arrays and batteries in electric vehicles,
the single-phase TPCS is an essential element in future smart
grids. To overcome the shortcomings of electrolytic capaci-
tors, such as larger volume, short lifetime, and low reliability,
the decoupling component should be reconsidered. There-
fore, the equivalent ac impedance of the PV arrays and battery
pack was modeled and analyzed. Based on a comparison of
the equivalent AC impedance values of the PV arrays and
battery pack, the impedance of the Li-ion battery pack in
the double-line frequency is much lower than that of the
PV arrays. Specifically, the former is only a few percent of
the latter. Then, the mechanization of the reduction of the
DC-link capacitance using the SRCC technique has been
studied. Consequently, a Li-ion battery pack was selected as
the optimal ripple power decoupling component to replace
the electrolytic capacitor tanks in the PV/battery system.
Moreover, power decoupling control with low DC-link capac-
itance has been proposed for V2G/G2V/PV2G operation
modes for TPCS. To further eliminate the DC-link voltage
ripple, improving the AC power quality in the grid, closed-
loop control on the DC-link voltage ripple, with a resonant
controller, was added. Finally, experimental results obtained
from a 2.5 kVA prototype demonstrated the feasibility of the
proposed PDC + VRM strategy. A more than 2% decrease
in the THD of the AC grid current was achieved, even with a
small dc-link capacitance. Compared to the traditional power
decoupling method with DC charging, more than 90% capac-
itance can be saved in this study; thus, cost and volume can
be significantly reduced, which gives the potential to achieve
a very high power density. Additionally, if all conventional
electrolytic capacitors are replaced by film capacitors, the
lifetime expectancy can be improved by nearly four times.
The advantages are at the expense of increasing the complex-
ity of the battery manager system (BMS), system controller,
and PMS, and a slight increase in power loss. Because the
proposed power decoupling control scheme can make the
bidirectional dc/dc converter absorb all the ripple power,
the conduction loss in the bidirectional dc/dc converter will be
slightly increased, which degrades the conversion efficiency
slightly in the PV2G operation mode.

In future research, intelligent charging/discharging tech-
nology, with ripple power decoupling function, according

VOLUME 9, 2021

to the battery state of charge (SOC) estimation, should be
further evaluated and verified in a single-phase or three-phase
unbalanced PV/battery hybrid system.
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