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Abstract: This paper applies the emerging hybrid active third-harmonic current injection converter
(H3C) to the battery energy storage system (BESS), forming a novel H3C-BESS structure. Compared
with the commonly used two-stage VSC-BESS, the proposed H3C-BESS has the capability to reduce
the passive components and switching losses. The operation principle of the H3C-BESS is analyzed
and the mathematical model is derived. The closed-loop control strategy and controller design are
proposed for different operation modes of the system, which include the battery current/voltage
control and the injected harmonic current control. In particular, active damping control is realized
through the grid current control, which could suppress the LC-filter resonance without the need
of passive damping resistors. Simulation results show that the proposed topology and its control
strategy have fast dynamic response, with a setup time of less than 4 ms. In addition, the total
harmonic distortions of battery current and grid currents are only 2.54% and 3.15%, respectively. The
amplitude of the injected harmonic current is only half of the grid current, indicating that the current
injection circuit generates low losses. Experimental results are also provided to verify the validity of
the proposed solution.

Keywords: battery energy storage system; third-harmonic current injection; high efficiency; ac-
tive damping

1. Introduction
1.1. Background

With the massive penetration of renewable energy resources such as the photovoltaic
and wind power, the grid voltage and frequency stability are being threatened because of
the high volatility of the renewable energy [1,2]. The battery energy storage system (BESS)
has been suggested as a promising solution to suppress the power fluctuations and thus
enables more integration of renewable energy [3,4]. In addition, the BESS could also be
used to protect important loads from grid fault conditions. Due to these merits, the BESS
has attracted tremendous attention worldwide [5,6].

1.2. Motivation

The power conversion system (PCS) is one of the key components of the BESS. The
classic PCS solution is the two-stage topology composed of a bidirectional DC-DC converter
and a voltage source converter (VSC) [7], as shown in Figure 1. The DC-DC converter
enables a flexible combination of low-voltage batteries and the VSC is able to control
the active and reactive power at the grid side. In applications where galvanic isolation
is required, the DC-DC converter can be implemented by dual active-bridge (DAB) or
resonant converters with high-frequency transformers [8,9]. Due to its good controllability
at both the grid side and the battery side, the two-stage VSC-BESS is widely adopted

Energies 2021, 14, 3140. https:/ /doi.org/10.3390/en14113140

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-3430-7997
https://www.mdpi.com/article/10.3390/en14113140?type=check_update&version=1
https://doi.org/10.3390/en14113140
https://doi.org/10.3390/en14113140
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14113140
https://www.mdpi.com/journal/energies

Energies 2021, 14, 3140

20f18

in practical applications. However, it suffers from relatively high power loss since both
the DC-DC converter and VSC work in high-frequency chopping mode. The single-stage
VSC-BESS can be applied to reduce the loss, which directly connects batteries to the DC-link
of VSC and eliminates the DC-DC converter [10]. Nevertheless, due to the high voltage
at the DC-link of VSC, the single-stage VSC-BESS lacks the flexibility to match different
battery voltage level and requires a large number of battery cells in series. The VSC
shown in Figure 1 is a two-level topology, which can be replaced with the three-level VSC
(BL-VSC) so as to reduce the loss to some extent [11]. For the medium- and high-voltage
applications, the cascaded H-bridge converter (CHB) [12-14] and modular multilevel
converter (MMC) [15-18] are possible solutions. Batteries can be installed at the DC-link
of the sub-modules of CHB or MMC. Benefiting from the modularity and low-switching
operation, the reliability and efficiency of CHB and MMC are high. However, they are not
cost-efficient solutions for low-voltage applications.

DC-DC Converter Voltage Source Converter

Figure 1. System topology of the conventional two-stage VSC-BESS.

Current source converter (CSC), which is also known as AC-DC matrix converter
(MC), has been suggested as a novel solution for BESS. CSC is a buck-type converter
from the grid side to the DC-link with a wide DC voltage control range [19]. Similar to
the two-stage VSC-BESS, CSC-BESS could also adapt to batteries with different voltages
but avoid the need of an additional DC-DC converter. CSC eliminates the large DC-link
capacitors and bulky grid side filter inductors, which helps to improve the power density of
BESS. In particular, the switching loss of CSC-BESS is much lower than VSC-BESS, because
of the single-stage conversion and low voltage stress under commutation, making it a
highly efficient solution. When galvanic isolation is required, CSC is also able to output
both positive and negative voltages at the primary side of high-frequency transformers,
eliminating the need of an additional primary DC-AC converter [20]. However, the
extendibility of CSC is relatively low when multi-battery modules need to be integrated.

1.3. Related Work

In recent years, the hybrid active third-harmonic current injection converter (H3C) [21],
which is also a buck-type AC-DC converter, has attracted attention. Like CSC, H3C
also requires much smaller passive components. Moreover, only a few semiconductor
devices work in high-frequency chopping mode while the rest are commutated at very low
frequency. In addition, the semiconductor devices on the current path of H3C are less than
CSC. Therefore, the achievable efficiency of H3C is much higher than CSC and VSC [22]. To
date, H3C is mainly used in unidirectional rectifier applications or the AC-AC conversion
system [21-26], while its application in BESS has seldom been explored. The existing
studies mainly focus on the control performance at the load side, and the active power
is mainly flowing through the grid to the load. However, the BESS application requires
sufficient bidirectional power flow control capability. In particular, satisfactory control
performance in the dynamic process and at the steady state is desired both at the battery
side and the grid side. In addition, like other current source converters with a grid-side LC
filter [27], the H3C could suffer from filter resonance. Active damping control is preferable
to achieve high performance at the grid side, especially for the BESS application. However,
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the grid side converter of H3C is not fully controllable. As a result, the active damping
control has not been practically realized in the literature.

1.4. Contribution of This Paper

Therefore, this paper utilizes the merits of H3C to construct a highly compact and
efficient solution for BESS applications. This paper focuses on the operating principle
and control strategy of the H3C-BESS, considering the bidirectional power flow and the
requirement of control performance at both the battery side and the grid side. In addition,
a novel control structure is proposed to achieve the active damping control at the grid
side, which is realized both in simulation and experimental results. The proposed active
damping control is able to suppress the filter resonance without the need of a passive
damping resistor.

The rest of this paper is organized as follows. The system operation principle is
analyzed in detail and the mathematical model is derived, which are the main contents
of Section 2. The system control strategy regarding the operation mode is proposed and
formulated in Section 3. Simulation and experimental results are provided in Section 4
for verifying the effectiveness of this new system associated with the control strategy.
Conclusions are drawn in Section 5.

2. Operation Principle and Mathematical Model of H3C-BESS
2.1. System Description

Topology of the H3C-BESS is shown in Figure 2, which is composed of a bidirectional
DC-DC converter at the battery side, a third harmonic injection circuit, a grid voltage
selector (GVS), and the LC filter at the grid side. The harmonic injection circuit includes
a half-bridge and an inductor. The GVS is composed of three-phase bridges and three
bidirectional switches. Like the conventional two-stage VSC-BESS, several battery modules
can be easily connected to the DC-link of GVS by extending multi-DC-DC converters.

Liyia Imid

SnA SnB SnC
N ] N ——=C
. g Ry s T

Grid Voltage Selector

Figure 2. System topology of the proposed H3C-BESS.

In Figure 2, Sy and Sy denote the upper switch and lower switch of the bridge x
(x=e,m, A, B, C) separately. Sy A, SyB, Syc represent the bidirectional switch. Ly, is the filter
inductor at the battery side, Lyq is the filter inductor for the injected harmonic current, L¢
is the filter inductor at the grid side, while Cg is the filter capacitor at the GVS side. u}, and
ip, are the battery voltage and current, respectively, while u, is the output voltage of the
DC-DC converter. u4, is the DC-link voltage and i4. is the current flowing into the DC-DC
converter. uca, Ucp, and ucc are the capacitor voltages while i.a, i.g and i.c are the currents
flowing into the filter capacitor C¢. uga, ugp, and ugc are the three-phase grid voltages,
while iga, igp, and igc represent the grid currents. ina, ihp, and ipc are the three-phase
currents at the GVS side. imax, imid, and imin correspond to the currents flowing out of the
GVS.
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2.2. Operation Principles

As the input of GVS is a voltage source imposed by the filter capacitor Cy, the three-
phase bridges in the GVS actually work as a three-phase bidirectional synchronous rectifier.
This means that the maximum value (#/max) and minimum value (4nin) of capacitor voltages
(4ca, U, Ucc) should always be imposed on the positive and negative DC-link, respectively.
Accordingly, only the bidirectional switch corresponding to the middle value uy,;q of
capacitor voltages can be switched on. The three-phase currents are also determined by the
switching states of the GVS, as shown in Table 1, where the sector division is determined
by the relationships among the capacitor voltages shown in Figure 3.

Table 1. Switching states of the GVS.

Sector On Switches Umax Umid Umin ihA iLB ihC
I SpA SyB Snc UcA UcB UcC imax imid Imin

I Sya Sp Snc U UcA UeC Imid fmax imin
I Sna SpB syC UcB UcC UcA Imin imax imid
v Sna SyB SpC UcC UcB Uea Imin imid Imax
v Sya Sn Spc ucc UcA Uucp Imid imin fmax
VI SpA Sn SyC UcA UcC UcB Imax imin imid

Uec

Sector IV Sector V Sector VI

-.;.E” imax ave

5 0.0r ’

3 imin ave
. 570 > _’y\/
= -1 O\

16/*\/\/\/\/\/\
1.41, Ude
E 1.2 Y
(-l) 10 /pdcave dc tdcave
B 08N g e :
O.GWM/\/
0 /3 2n/3 T a3 51/3 o
Que[rad]

Figure 3. Key waveforms (in p.u.) of the GVS and the third harmonic injection circuit. The word
“ave” in the subscript denotes the low-frequency component of the corresponding variable in each
switching period. @y is the phase angle of the capacitor voltage vector.
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As can be found from Figure 1, Figure 3, and Table 1, only the phase current corre-
sponding to the middle phase voltage can be directly controlled through the third harmonic
injection circuit, and the remaining two-phase currents are passively determined by the
positive and negative DC-link currents of GVS. In addition, it can also be known that the
three-phase bridges in GVS are line-commuted, which means their semiconductor devices
are switched at the fundamental grid frequency. Similarly, the bidirectional switches in GVS
are switched at twice the grid frequency. The half-bridge in the third harmonic injection
circuit is switched on/off at the middle current i,;q, while i,;4 has the minimum absolute
value. Therefore, the switching loss of the H3C-BESS is much lower than the VSC-BESS.

The DC-link voltage u4. of H3C-BESS is equal to tmax—tmin, which has large fluctu-
ations even under ideal grid voltages. However, through the real-time correction of the
duty cycle of the DC-DC converter, the battery current i, can be regulated at the desired
value. Therefore, the DC-link current iy, at the buck-converter side also fluctuates while
the DC-link active power p4. maintains constant, as shown in Figure 3.

Due to the absence of DC-link passive components, grid currents have to be passively
determined by the battery current and the injected harmonic current. However, the battery
current is also determined by the control of itself. As a result, the key point of H3C is
how to generate sinusoidal grid currents by controlling the third harmonic injection circuit,
considering the fact that the transferred instantaneous active power is constant. Under
balanced and sinusoidal grid conditions, the three-phase sinusoidal capacitor voltages can
be expressed as

UeA = Uem €OS (wgt)
U = Uem COS (wgt — 271/3) 1)
UeC = Uem COS (Wt 4 271/3)

where uqy is the capacitor voltage amplitude. The desired low-frequency components of
the GVS currents are expressed as

ihA, ave — ihd cos wgt + ihq sin wgt
IhB,ave = Ihd COS (wgt - 27T/3) + ihq sin(wgt — 27‘[/3) ()
InC,ave = ind COS(wWgt +271/3) + ing sin(wgt + 271/3)

where i,q and ipq are the active and reactive components of GVS currents, respectively.
Take Sector I as an example to illustrate how H3C can generate sinusoidal grid currents,
namely wgt in (1) is within [0, 7t/3]. In this case, Umax, Umiq and Um;n satisfy:

Umax = UcA, Umid = UcB, Umin = UcC 3)

Therefore, the DC-link voltage and current are:

__ Pdc,ave __ _Pdc, ave (4)

{ Ude = Umax — Umin = UcA — UcC

ldc’ ave = Udc UcA—UC

where Py ,ve is the average instantaneous active power transferred from the DC-DC
converter.

Since Umax = Umid = Umin, the half-bridge in the third harmonic injection circuit is
fully controllable and the actual current iy,;q flowing through the inductor L4 can be
considered equal to its reference. In this case, it is:

Z.mid = Z'hB, ave (5 )

Supposing the duty cycle of the upper switch Spn, in the half-bridge is di, the fol-
lowing equation is obtained based on the voltage-second balance of L4 at the steady
state:

AmUmax + (1 - dm)umin = Umid (6)



Energies 2021, 14, 3140 6 of 18
and thus:
dm _ Umid — Umin (7)
Umax — Umin
According to Figure 2, the current imax satisfies:
Imax = Z.dc - dmimid (8)

To achieve sinusoidal grid currents, imax in this case should be equal to its reference

ihA, ave:
imax = Z'hA, ave — Ihd COS Wgt + ihq sin wgt (9)

By substituting (1)—(8) into (9), the condition for (9) is resolved:

Ihd=—5 —— (10)

Therefore, only if the active component i, of GVS currents is set based on (10) and
the current iy;q is controlled to its reference value shown in (5), both the phase A and B
currents can reach sinusoidal, and phase C is naturally sinusoidal because the sum of i, 4,
ing and inc is always 0. Note that (10) is irrespective with i,q, which means that the reactive
power can be theoretically controlled to any desired value. When the capacitor voltages
fall into other sectors, the operation principle can be analyzed in a similar way.

2.3. Mathematical Model

Equations presented in Part B of this section are sufficient to analyze the operation
principle, but they do not include the dynamic behavior of the system. In order to formulate
the system closed-loop control strategy, the mathematical model of H3C-BESS is developed.

According to Figure 2, the battery current #, satisfies:

di .

Lbdir = de(umax — umin) — Rblb — Up (11)
where d_ is the duty cycle of the upper switch Spe of the DC-DC converter; Ry, is the parasitic
resistance of the filter inductor Ly,. The DC-link current iy, at the DC-DC converter side is
thus expressed as

lgc = deip (12)

The current iy;q in the third harmonic injection circuit satisfies:

diy .
LmidTn;d = (umid - ”min) - (”max - “min)dm — Rmidimid (13)

where Ry,q is the parasitic resistance of the filter inductor Ly,;q. The current imax can
thereby be expressed as

imax = idc - dmimid (14)

The current iy, always satisfies:
imin = _(imax + imid) (15)

The GVS currents iy, ing, and ipc are determined by imax, imid, and imin according
to the switching states of GVS listed in Table 1. Grid currents (iga, igp, igc) and capacitor
voltages (uca, U, Ucc) satisfy:

digx . . . .
L¢ ddt = Lch 1"ng Rfng X :{A/ B,C} (16)
CeeeX — jpy — i
dt hX ™ *gX

where R; is the parasitic resistance of the filter inductor L. Together with Table 1, (11)-
(16) construct the mathematical model of the proposed H3C-BESS, which can be used for
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designing the closed-loop control strategy. It should be noted that the relations shown in
Table 1 make the H3C-BESS highly nonlinear. Therefore, only the piecewise linear model is
available. Additionally, approximation needs to be applied when designing the controllers.

2.4. Comparison with Two-Stage VSC-BESS

The two-stage VSC-BESS has been widely adopted in practice. Therefore, it is neces-
sary to compare the novel H3C-BESS with the VSC-BESS, so as to highlight its features. As
it can be seen from Figures 1 and 2, the H3C-BESS has the following differences from the
view of topology:

e  The H3C-BESS does not need large capacitors at the DC-link of H3C-BESS [21], while
a bulky capacitor is required at the DC-link of VSC-BESS;

o  The grid side filter of H3C-BESS is a second-order LC filter, which is also much smaller
than the filter inductor of VSC-BESS [28];

e  Anadditional inductor Ly,;q is required in H3C-BESS. However, the maximum current
flowing through it is only half of the grid current amplitude, as shown in Figure 3;

e  The H3C-BESS requires 14 transistors (each bidirectional switch requires two transis-
tors in practice). The VSC-BESS requires only eight transistors.

Therefore, the H3C-BESS requires more components and semiconductor chip area than
the two-stage VSC-BESS. However, H3C-BESS could reduce the volume and weight of passive
components. Moreover, the switching loss of H3C-BESS is much lower than VSC-BESS:

e  Under the same input voltage, battery voltage and current, the DC-DC converter in
H3C-BESS generates less switching loss than H3C-BESS, because the DC-link voltage
of H3C-BESS is smaller than H3C-BESS [21];

e  The GVS part in H3C-BESS transfers the main power. However, the switching fre-
quency is quite low, only the fundamental or twice the grid frequency. Compared
with the VSC operating at high switching frequency, the switching loss generated by
GVS is ignorable [23];

e  Although the half-bridge in the harmonic injection circuit works in chopping mode,
the maximum chopped current is only half of the grid current amplitude. Therefore,
the generated switching loss is also very small [21].

In summary, compared with the two-stage VSC-BESS, the H3C-BESS has the advan-
tages of high power density and high efficiency if optimally designed, especially when
the battery voltage is low. However, its drawback is the requirement of more components,
which could result in higher cost in practice.

3. Proposed Control Strategy for H3C-BESS
3.1. Control Block Diagram

Subject to the power requirement of the grid and the state of charge (SOC) of batteries,
the H3C-BESS could operate at three modes: constant current (CC), constant voltage (CV),
and constant power (CP). In CP mode, the SOC of the battery is in the normal range (e.g.,
20%-80%), and the battery can transfer active power to or absorb from the grid. CC and
CV modes are activated to prevent battery damage due to excessive charge or discharge.

In contrast to the conventional two-stage VSC-BESS in which the large DC-link ca-
pacitor is able to isolate the battery and grid, the H3C-BESS directly couples the battery
and grid. Therefore, the grid active power is always equal to that generated or absorbed
by the battery, if the power loss could be ignored. The harmonic injection circuit has few
influences on the transmitted active power but is able to make grid currents sinusoidal by
changing the active power distribution among three phases.

Based on the operation principle analyzed in Section 1I, the system closed-loop control
strategy is proposed for H3C-BESS, as shown in Figure 4. The proposed strategy measures
grid voltages and further determines the switching states SGVS of GVS based on Table 1.
The sorted grid voltages #max, #mid, and tmin are also selected based on Table 1. The battery
current control is always the dominant loop of the system control strategy, irrespective



Energies 2021, 14, 3140

8 of 18

P, —»Cal. i, (17

)

of the operation mode, while the reference current iy, is set based on the operation mode.
In CC mode, i," is constant. In CV mode, i," is generated from the closed-loop control of
the battery voltage. In CP mode, iy, is calculated with the desired grid active power Pg .
The closed-loop control of battery current generates the active current reference ipq". The
reactive current reference ihq’F could be fixed at zero for simplicity. In particular, active
damping control is realized by regulating the grid currents with proper controllers, which
generates signals i,,q" and ihq* to modify the references of battery current and injected
harmonic current. The remaining parts of this section will describe the proposed control
strategy in detail.

cC Cp Cal. Aiy, (28)Y€¢—Aiy, u

i, =const.~y
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Figure 4. Control block diagram of the H3C-BESS.

3.2. Control of Battery Current and Voltage

The single-loop current control is applied to the battery in CC mode, where the refer-
ence i, is set constant. In CV mode, the double-loop voltage and current control is applied,
and thus i}, is generated from the voltage control. In CP mode, i, is calculated with the
desired grid active power Pg’e with the converter efficiency taken into consideration:

1% pr >0
ip=9q B ° (17)
Py <0
Wugm/ g

where positive Pg* means the battery absorbs active power from the grid while negative
Pg* indicates the inverse direction.

The control structure at the battery side is similar to the two-stage VSC-BESS. The
typical proportional-integral (PI) controllers can be utilized to regulate the battery current
and voltage, namely controllers B;(s) and By(s) are expressed as

Bi(s) = Kppi + Kipi /s (18)

Bu(s) = Kpbu + Kipu /s (19)

where Kpp; and Kjp; are the static gain and integral gain of the current controller; K, and
Kijpy are the static gain and integral gain of the voltage controller. The control parameters
can be tuned based on the typical first-order system, which is mature for power converters.

However, the DC-link voltage in H3C-BESS is not constant as that in two-stage VSC-
BESS, and thus feedforward control is indispensable when calculating the duty cycle of
the DC-DC converter. The output of Bj(s) represents the reference voltage drop on Ly,.
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Accordingly, adding the output of Bj(s) and the battery voltage 1}, generates the reference
voltage 1, that the DC-DC converter should output. The duty cycle de of the switch Spe is
further calculated by

do= e - He (20)

Udc Umax — Umin

The typical PWM technique for the DC-DC converter is then applied to generate the
gate signals of Spe and Spe.

It should be noted that the feedforward control is able to suppress the influence of
DC-link voltage fluctuation on the battery current. Therefore, any grid voltage disturbance
(such as unbalance or distortions) can be prevented from transferring into the battery.

3.3. Control of Injected Harmonic Current

For the harmonic injection circuit, the reference current imig is selected from the
reference GVS currents (ina*, ing , inc' ) according to Table 1. The reference GVS currents
can be obtained based on (2), where ipq" is calculated from the reference active power
generated by the closed-loop control of battery current:

2ipus >0
= 317ugm’ b = (21)
hd — 2nipus 0

Sugm ’ lb<

where the capacitor voltage amplitude ucm is approximated by the grid voltage amplitude
Ugm. As it is shown in Figure 3, the reference current imiq is similar to a triangular wave
with the frequency of 3 wg, which means it contains harmonics with frequencies of 3wy,
9wy, 15wy, etc. To regulate such a kind of harmonic current, the controller Gy, (s) is designed
as N vector-proportional-integral (VPI) controllers in parallel:

2
N Kphns + Kihn S

Gu(s) =), 5

22
n=1s2+ [3(2n — l)wg}2 @)

where Kpp,, and Kj, are the static gain and resonant gain of the nth VPI controller. It can
be known from Fourier series of the triangular wave that the content of the harmonic at the
frequency of 21wy or higher is less than 2% which has quite a limited effect on the grid
current. Therefore, three VPI controllers (i.e., n = 3) are sufficient to regulate the injected
harmonic current without generating observable steady-state errors.

The output of Gy(s) represents the reference voltage drop Aup," on the inductor Ly,
and thus the duty cycle of switch Sy, can be calculated based on (13):

*

dm — Umid — Umin — AZ’lm (23)

Umax — Umin

The typical PWM technique for the half-bridge is then applied to generate the gate
signals of Spm and Spm.

The closed-loop control structure of the injected harmonic current is shown in Figure 5,
where Gpywm(s) = 1/(1.5Tss+1) and T denotes the sampling time. Similar to the design
criteria of the typical PI controller which realizes zero-pole cancellation, parameters of the

VPI are set as L R
K _ Lmid Ky, = mid 24
phn 3T, ihn 3T, (24)

Note that the expression of the VPI controller is similar to the common resonant
controller (CRC). VPI and CRC have the same poles at the desired frequencies but have
different numerators. Frequency responses of the closed-loop transfer function with VPI
and CRC are shown in Figure 5b. It can be seen that, with CRC, undesired resonant
peaks around the central frequencies are generated. In practice, the utility grid usually
has a frequency variation up to 0.2 Hz. Therefore, such undesired peaks will result in the
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inaccurate control of the injected harmonic current and further undesired low-frequency
harmonics in the grid currents. On the contrary, the frequency response with VPl is quite
smooth around the central frequencies, without any undesired peaks. Therefore, VP is
more robust than CRC in practice considering the grid frequency variation.

imid*—ﬁ%—»{ o) 23] G () 1/(Lm»ds+Rmid)}T> i

(@
— CRC
B1.0—+ - t_
S VPI
Q
2
g
&
=
150 450 750
Frequency [Hz]
(®)

Figure 5. (a): Closed-loop control structure of the injected harmonic current; and (b) frequency
response of the closed-loop transfer function.

It can be known from (21), generating the reference of the injected harmonic current is
an open-loop method. In practice, precise parameters are unavailable, especially consider-
ing that the converter efficiency is variable with the working conditions. Under parameter
uncertainties, the obtained reference of the injected harmonic current could be inaccurate. It
can be inferred from Part B Section 2 that the inaccurate injected harmonic current directly
leads to the deviation of the grid currents from the desired sinusoidal currents. As a result,
the actual grid currents are distorted, reducing the power quality. Figure 6 shows the
grid currents under different inaccuracies of injected harmonic current. It is clear that the
inaccuracies directly result in grid current distortions. It should be noted that, the effect of
input LC filter is ignored in Figure 6. The LC filter in practice could enlarge the harmonics
in grid currents, leading to higher distortions.

THD = 0.00%

(a)

Grid Currents (p.u.)

THD = 1.60%

(b)
Grid Currents (p.u.)

THD = 1.60%

(©)

Grid Currents (p.u.)

0 2 4 6 8 10 12 14 16 18 20

Time (ms)
Figure 6. Grid currents considering the inaccurate reference of injected harmonic current: (a) 0%
inaccuracy; (b) —0.5% inaccuracy; and (c) 0.5% inaccuracy. Distortion is indicated with circles.



Energies 2021, 14, 3140

11 of 18

3.4. Active Damping Control

Theoretically, according to the active power balance principle of H3C, grid currents
could always be indirectly regulated without a closed-loop control. This helps to reduce
the tuning effort of the controller. However, it is still beneficial to incorporate a closed-loop
control of grid currents, so as to achieve an active damping function.

According to Figure 4, the transfer function from the GVS currents iyg and ipq to the
grid currents igq and igq is determined by the grid-side LC filter, expressed as

1
N LiCys2 4+ RiCs 4+ 1

Grc(s) (25)

where Ry is the parasitic resistance of the filter inductor. In practice, R¢ is usually quite
small, making Gy c(s) a weakly damped second-order system. The frequency response of
Grc(s) is shown in Figure 7. It is clear that without additional damping control, Gc(s)

has a very high resonant peak. The PWM control of the converter could easily inspire the
resonance of the grid-side filter, which deteriorates the input power quality.

Ka= 15, To= 100ps

Ka=34p, T,= 10us

Amplitude (dB)
o

|
D
o
T

_80 I |
10° 10* 10° 10°
Fregeuncy (Hz)

Figure 7. Frequency responses of the transfer function of the grid current control. The curve with
Ka =0 s for the G ¢(s) without additional damping control. The other curves are for the Hy c(s) with
the proposed active damping control.

Therefore, additional damping control is indispensable for H3C. Usually, paralleling a
damping resistor with the filter inductor L¢ has good damping performance. However, the
passive damping resistor generates power loss and increases the high-frequency harmonics
in grid currents. As a result, it is preferable to adopt active damping control which
suppresses the filter resonance through the control strategy.

In the proposed control strategy shown in Figure 4, the active damping function is
realized by the closed-loop control of grid currents, where the controller is termed as G,(s).
The closed-loop control structure of grid currents is shown in Figure 8. It can be noted
that the controller G,(s) is located at the feedback path rather than the forward path. From
Figure 8, the closed-loop transfer function is obtained:

Grc(s)

el) = 166 20

Figure 8. Closed-loop control structure of the d axis grid current. Q axis grid current has the same

control structure. The dq axis coupling terms are ignored.
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Clearly, by designing proper G,(s), it is possible to reshape the frequency response of
Grc(s). In this paper, Ga(s) is designed as

K;s

= 27
TaS +1 ( )

Ga(s)

where the differential term with the coefficient K, at the numerator contributes to the active
damping function. As the differential operation could enlarge the high-frequency noise
and harmonics in practice, it is necessary to include the low-pass filter in (27) with the
time constant as T,. Frequency responses of Hy c(s) with different values of K, and T, are
plotted in Figure 7. It can be concluded that the larger K, and the smaller T}, are, the better
damping performance is achieved. However, large K, and small T, mean large feedback
signal, which could affect the normal operation of H3C-BESS. Therefore, trade-off should
be made when selecting the values of K, and T, in practice.

As shown in Figure 4, controllers G,(s) at the dq axis generate the additional reference
signals Aipg" and Aihq*. Theoretically, Aipy~ and Aihq* should be used to modify the GVS
current references ip,q and ihq*. However, as presented in Section 1II, the injected harmonic
current can only influence parts of the GVS current. For the complete realization of the
active damping function, the reference battery current should also be modified with:

1.5AG} jugm

At = (28)

Up
where the converter efficiency is assumed to be unity for simplicity.

4. Simulation and Experimental Verification
4.1. Prototype and Parameters

To verify the effectiveness of the H3C-BESS associated with the proposed system
control strategy, a prototype of H3C is constructed. A photograph of the prototype is
shown in Figure 9 and the experimental parameters are listed in Table 2. The GVS uses
an intelligent power module (IPM) with part number PM25RLA120, while the switching
frequency is 50 Hz. The DC-DC converter and the harmonic circuit shares one IPM with the
same part number and their switching frequency is 16 kHz. The bidirectional switches are
constructed using the discrete IGBT with part number IKW15N120H3 which are switched
at 100 Hz. The digital signal processor (DSP) is TMS320F28379D with dual cores, which is
powerful enough to handle all the computation. A large capacitor (5 mF) is used to emulate
the behavior of the battery. The control parameters are optimally designed according to the
filter parameters.

4 5] 5
e = =
f {5 a
e taled - i \
& ‘ Bi-Switches &

\ x5 Driver
j DSP Controller
y/ Filter Inductors
ergeces

Figure 9. The H3C prototype used in the experiments.
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Table 2. System parameters.

Variables Description Values
Uem Grid Voltage Amplitude 100V
fe Grid Frequency 50 Hz
L¢ Grid Filter Inductor 0.5 mH
R¢ Resistance of L¢ 35 mQ)
Cs Grid Filter Capacitor 6.9 uF
Linid Filter Inductor of Third Harmonic Circuit 2.5mH
Rmid Resistance of L;q 150 mQ)
Ly Battery Filter Inductor 49 mH
Ry, Resistance of Ly, 135 mQ)
Uy Normal Battery Voltage 100 V
Gy Equivalent Capacitance 5mF
K, Gain of Active Damping Controller 15u
T, Time Constant of Active Damping Controller 10 us
Fs Switching Frequency of Chopping Switches 16 kHz

The corresponding simulation model was built in Matlab/Simulink. The simulation
parameters are the same with those used in experiments, as listed in Table 2. A capacitor
serves as the battery in CC and CV mode and is replaced with a constant voltage source in
the CP mode, which is conducive to shorten the simulation time.

4.2. Simulation Results

The simulation results are shown in Figure 10. From 0.00 s to 0.06 s, the H3C-BESS
works in CC mode with reference battery current i,," fixed at 4 A. From 0.06 s to 0.18 s, the
system works in CV mode with the reference battery voltage fixed at 100 V. Between 0.18 s
and 0.30 s, the system works in CP mode, with grid current reference stepping from 1.34 A
to 2.68 A (the battery current stepping from 2 A to 4 A accordingly). During the remaining
0.06 s, the system is maintained in CP mode but the active damping function is removed.

As it is shown in Figure 10, the battery current i, can always track its reference i,
during the steady state and the dynamic response is very fast with few overshoots. The
setup time of the battery current is less than 4 ms. As for the battery voltage, it can
also reach its reference with the expected trajectory. This indicates that the satisfactory
performance of battery current and voltage control can be achieved by the H3C-BESS with
the proposed system control structure. Note that the total harmonic distortion (THD) of
the battery current ripple during the steady state is 2.54%, which can be further reduced by
increasing the filter inductor Ly, or switching frequency.

As is the case for the battery current, the injected harmonic current i,;q can also tract
its reference ip,;q" without steady-state error and with a fast dynamic response. This shows
that the adoption of multi-VPI controllers has achieved the desired control performance.
Note that the amplitude of the low-frequency component of i,;q is only half of the grid
current. As the switching loss of the power converter is proportional to the operating
current, it can be expected that the third harmonic injection circuit generates only a few
switching losses. In addition, increasing the filter inductor L;;q or the switching frequency
is also able to reduce the high-frequency ripple of ip,;q.

The grid currents automatically vary with the working operation modes and the
current demands. Moreover, the grid current amplitude responds very fast and smoothly
to its reference. The setup time is also less than 4 ms. The THD of grid currents is 3.15%.
This demonstrates that the H3C-BESS exhibits satisfactory control performance at the grid
side, without the need for PI controllers to regulate the grid current. This is an evidence
that the H3C-BESS has lower control complexity than the two-stage VSC-BESS which must
have multi-loop control for grid currents. It can be observed from the waveforms that
the grid currents have some distortions at the sector boundary. This is a common issue of
the H3C based converter system and could be addressed with rearranged filters and an
additional control [29].
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Figure 10. Simulation results of H3C-BESS under different working modes with and without active damping function.
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In CC mode, the battery current is maintained as constant through the closed-loop
control, while the battery voltage is increasing. Therefore, the active power flow to the
battery is always increasing in CC mode, resulting in the increase in grid currents and the
injected harmonic current. In practice, to avoid overcharging the batteries, CV control must
be applied when the battery voltage reaches the predefined threshold. In CV mode, the
battery voltage still increases and finally reaches the reference value. The battery current is
maintained as constant firstly and then dropped gradually to zero until the battery voltage
reaches the steady state. As a result, the transferred active power, grid currents and the
injected harmonic current also increase firstly and then drop to zero. Therefore, all the
waveforms in Figure 10 are consistent with the theoretical analysis.

With the proposed active damping control, the grid currents are very smooth and
sinusoidal. The generated additional signals Aipg” and Aihq* are very small compared with
ip and ipy;q, and thus have few influences on the normal operation of H3C-BESS. When
the active damping control is disabled, significant oscillations are contained in the grid
currents. This proves that additional damping control is necessary for the H3C-BESS and
the proposed active damping control works correctly.

4.3. Experimental Results

In experiments, it was found that the overcurrent protection scheme of the prototype
is easily triggered when the active damping function is disabled. Therefore, the active
damping control is always included in the algorithm. The experimental results in CC mode
and CV mode are shown in Figure 11. When the CC mode is activated, the reference battery
current #," is fixed at 4A. The actual battery current i, reaches i, very quickly without
overshoot. In the CV mode, the voltage control loop is activated, which generates #,,". Due
to the saturation of the PI controller, i}," is maintained at 4A for a short time and then
decreases gradually to zero. Waveforms in the experimental results are almost the same
with those obtained in simulation, which is another evidence that the H3C-BESS with the
proposed control strategy works correctly in CC mode and CV mode.
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Figure 11. Experimental results of H3C-BESS in CC and CV modes.

Experimental results in the CP mode are shown in Figure 12. In this mode, the
reference battery current i, is calculated from the grid current reference igd* in an open-
loop way. i}, steps between 2 A and 4 A. It can be found that, in CP mode, both the battery
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current and the grid currents have a fast and relatively smooth dynamic response, proving
that the proposed control strategy achieves good dynamic performance. Compared with
the simulation results, more harmonics are contained in the grid currents. As presented in
Part C Section 3, this is mainly because the reference value of the injected third harmonic
current is calculated in an open-loop way. The inaccurate system parameters (especially
the efficiency) result in the error of the reference harmonic current, which generates the
distortion in grid currents. This is a common issue for this kind of converters. In previous
publications [21,23], it can also be found that the grid currents are more or less distorted.
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Figure 12. Experimental results of H3C-BESS in CP mode.

The measured efficiency of the prototype is about 92%, which can be improved by
optimizing the selection of active and passive components. In summary, waveforms of the
harmonic current are consistent with the theoretical analysis, demonstrating the operation
principle of H3C-BESS.

5. Conclusions

This paper successfully applied the H3C to the BESS applications, forming a novel
H3C-BESS. Compared with the commonly used two-stage VSC-BESS, the H3C-BESS has
the capability to reduce the passive components and switching losses. The operating
principle of H3C-BESS was analyzed in detail. The system control structure is proposed
for the H3C-BESS. In particular, active damping control was realized through the grid
current control, which could suppress the LC-filter resonance without the need of passive
damping resistors. Simulation results proved that the proposed solution has a fast dynamic
response with a setup time of less than 4 ms. In addition, the steady-state performance
was also satisfactory with THDs of battery current and grid currents at 2.54% and 3.15%,
respectively. The amplitude of the injected harmonic current is only half of the grid current,
indicating that the corresponding circuit could generate low losses. Experimental results
provided in this paper have also demonstrated the effectiveness of the H3C-BESS with the
proposed system control strategy. It can be expected that the proposed H3C-BESS will be a
promising solution in the BESS applications.

Closed-loop generation of the reference harmonic current is helpful to reduce the grid
current distortions. In addition, the comprehensive comparison between H3C-BESS and
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the typical two-stage VSC-BESS is necessary to further demonstrate the advantages of
H3C-BESS. These are all meaningful works in future studies.
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