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Backstepping Control of High-Frequency Link
Matrix Rectifier for Battery Chargers
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Abstract—High-frequency link matrix rectifier (HFLMR) is get-
ting much interest in electric vehicle charger applications due
to its high efficiency and compact volume. However, the inputs
and outputs of HFLMR are highly coupled resulting in reduced
system dynamic performance and robustness. This article pro-
poses a dual closed-loop backstepping control (DCL-BSC) strategy
to solve these problems, which consists of a dc output current
outer-loop controller and a grid current inner-loop controller. First,
the nonlinear mathematical model of HFLMR is established, and
the six-segment space vector pulse width modulation scheme is
used as the modulation method. Then, the DCL-BSC scheme is
designed in detail based on the Lyapunov stability theory. And a
compensation method based on the phase-shift angle is developed
to realize the unity power factor. Compared with the conventional
dual closed-loop PI control method, the proposed method has
a better steady-state and dynamic performance, and robustness
against system disturbances. Simulation and experimental results
are used to verify the effectiveness of the proposed control scheme.

Index Terms—Dual closed-loop backstepping control, high-
frequency link matrix rectifier (HFLMR), output current
regulation, power factor (PF) control.

1. INTRODUCTION

CCORDING to the prediction of [1], the global electric
A vehicle (EV) stock will expand from around 8 million in
2019 to 50 million by 2025 and close to 140 million vehicles
by 2030, corresponding to an annual average growth rate close
to 30%. The EV charger is a necessary equipment to supply
energy of the battery, so it is the key infrastructure for EV
promotion and application [2]. The two-stage topology has been
widely utilized in the EV charger system, which is usually a
three-phase pulsewidth modulation (PWM) rectifier followed
by an isolated dc—dc converter. The LLC resonant converter,
which has the advantages of soft switching and high efficiency
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is commonly used as the isolated dc—dc stage [3]. The two-stage
topology has the merits of decoupling control for the two-stage
converter and simple control algorithm [4]-[6]. However, the
dc-link film capacitors increase the system volume and decrease
power density and reliability [7]. High-frequency link matrix
rectifier (HFLMR) without the dc-link capacitor is one kind
of single-stage converter. So, HFLMR has the advantages of
high efficiency, compact volume, and tight dc output regu-
lation capability, which has been a preferred choice for EV
chargers [8], [9].

In order to obtain higher efficiency and adjustable output
current, several modulation methods were studied in recent
years. The modulation methods are mainly divided into three
categories, including line-to-line voltage modulation [10], si-
nusoidal carrier-based PWM [11] and space vector pulsewidth
modulation (SVPWM) [12], [13]. Compared with the former
two methods, the SVPWM scheme is easier to implement in the
digital processor, consequently it is widely used for HFLMR.
In order to improve the efficiency and reduce the total harmonic
distortion (THD) of HFLMR, a six-segment SVPWM scheme
with reduced switching losses was proposed in [14]. A soft-
switching modulation scheme and derived closed form solutions
to calculate switching times, which reduce conduction losses
were proposed in [15]. A dual-period-decoupled space vector
phase-shifted modulation was proposed in [16] to eliminate the
grid-side current distortion. A PWM scheme was proposed for
one phase loss of three-phase power grid in [17], where the zero-
voltage switching can be realized for one phase loss operation.
Among of the abovementioned modulations, the six-segment
SVPWM scheme in [14] is widely used for HFLMR due to the
simplicity of implementation.

Although the abovementioned objectives can be achieved
by modulation methods, control strategies are also required
to satisfy the requirements of the dynamic performance and
robustness. In the EV charger applications, HFLMR is re-
quired to simultaneously satisfy the control requirements of
grid-side and battery-side. For the grid side, the unity power
factor (PF) is difficult to guarantee without any modification
because of the input L filters. For the battery-side, fast charging
strategies, such as the sinusoidal-ripple-current (SRC) charging
strategy [18]-[20], require the output current of HFLMR to
track charging command with fast dynamic response and strong
robustness. A proportional integral (PI) control strategy was
proposed in [21], but it has steady-state errors when tracking the
SRC reference value. Thus, several advanced control strategies
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for ac—dc and dc—dc converters have been proposed for the
better steady-state and dynamic performance, as well as greater
robustness. A model-predictive controller (MPC) is proposed
in [22] for a three-phase ac—dc converter to realize a better
stability and transient performance. However, the model-based
MPC is sensitive to system parameter variations. A finite-time
disturbance observer-based nonsingular terminal sliding-mode
controller (SMC) was proposed in [23] for buck converters to
suppress load disturbances. But the intermediate variables in
SMC systems may result in the chattering problem. A backstep-
ping control (BSC) method was designed for the direct power
control of a three-phase PWM rectifier in [24], which achieves
a good input/output performance with the ability to suppress the
system parametric uncertainties.

In the abovementioned control schemes, the BSC is a method
to control the strict-feedback nonlinear systems with unmatched
disturbances (disturbances that appear on different coordinates
than the input control signal), which is one of the most chal-
lenging problems in controller design [25]. According to the
Lyapunov stability theory, the tracking errors of the BSC scheme
exponentially converge to zero, and the output rapidly and
precisely tracks reference value. The BSC scheme design pro-
cedure can be separated into a sequence of smaller design
problems for low-order cascade subsystems, which simplifies
controller design procedure of the BSC method [26]. Due to
the abovementioned merits, the BSC scheme has been widely
employed in the fields of motor drive and multiple manipulator
control [27]-[29]. In addition, the applications of BSC scheme
in power converters are emerging in recent years [24], [30], [31],
[33]. In [30], a BSC scheme for a fuel cell stack/boost power
converter system was proposed to guarantee the great output
voltage regulation performance. A common dc-bus voltage BSC
scheme was constructed for islanded dc microgrids within the
acceptable limits under different operating conditions in [31].
Based on the abovementioned advantages, the BSC method is
extremely suitable for the multivariable higher order nonlinear
HFLMR system.

The specific contributions of this article are follows.

1) A dual closed-loop backstepping control (DCL-BSC) strat-
egy is proposed for the HFLMR, where an inner grid currents
loop and an outer current loop are designed.

2) The proposed control strategy provides the better steady-
state and dynamic performance, and robustness for the HFLMR.

3) A compensation method based on the phase-shift angle is
developed to realize the unity PF.

This article is organized as follows. In Section II, the model
of HFLMR is established and the six-segment SVPWM scheme
is described. The DCL-BSC scheme and phase-compensation
method are designed in Section III. Simulation and experimental
results are presented in Sections IV and V, respectively. Finally,
the conclusion is given in Section VI.

II. MODELING AND MODULATION OF HFLMR

As shown in Fig. 1, the HFLMR is composed of three-phase
input LC filters, six bidirectional switches, high-frequency
transformer (turns ratio is n : 1 and leakage inductance is Ly),
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Fig. 1. Topology of HFLMR.

single-phase uncontrolled diode rectifier and output LC' filter
(Lgc and Cy.). The input LC filters are used to eliminate the
high-frequency harmonics of three-phase grid currents. The
line-frequency three-phase voltages are transformed into bipolar
high-frequency voltage by the six bidirectional switches, and the
adjustable output voltage is obtained by properly controlling six
bidirectional switches. The high-frequency transformer isolates
the input side and output side. The single-phase uncontrolled
diode rectifier converts the bipolar voltage to dc voltage. The
output LC filter is used to eliminate ripples of output voltage
and current.

A. Modeling of HFLMR

It is assumed that the grid voltages e, (x = a,b,c) with
angular frequency w and amplitude E,, are symmetrical, and
they are expressed as

e, = F,, coswt

2
e, = FE,, cos <wt — ;)

2
e. = F,, cos (wt—i— ;) .

The input LC filters cause a displacement angle ¢ of grid volt-
ages and currents. Therefore, the grid currents ¢, (x = a,b, ¢)
can be expressed as

&)

iq = Iy cos(wt — @)

. I : 27
ip = Iy cos | wt — — —
' 3 7 &)
. 2T
1. = I,, cos wt—i-?—cp .
The mathematical model of the HFLMR is given as
diy :
L= = e, — v, —i,R 3)
dv, . .
CE =g — gt (4)
i = L, ()
n

where © = a, b, ¢, and i, are the high-frequency input currents
of the six bidirectional switches, v, are input voltages of the six
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bidirectional switches, 7. is the output current of diode rectifier,
m,, are the modulation ratio indices of HFLMR in the abc frame.

In order to design the BSC scheme, the active components in
the dq frame are described as

did o ed—Ud—idR .
T I + wig (6)
dvg  ig —ia
o W ™
g = L. )
n

To simplify the dc-side analysis, the effect of the output
capacitance isignored (i.e., yields 4. =~ i,, Where i, is the output
current of HFLMR). So, the differential equation on dc side can
be written as

di,
Vic = LdCE + v, (9)
where vy is the output voltage of diode rectifier and v, is the dc

output voltage of HFLMR.

To integrate the model of ac and dc sides, the power balance
expression can be written as follows, when the converter losses
are ignored for simplification

. 3, . .
Py = Py = vgctp = i(edzd + eqiq). (10)
In the dq frame, it can be deduced that eq = E,,, and e, = 0.

Then, combining (9) and (10), and considering system distur-
bances, the model of HFLMR can be expressed as

di,  3Emia v,
dt ~ 2Lgi,  Lac

+d(t) (11)
where d(t) is the system parameter perturbation, lumped uncer-
tainty terms of the comprehensive model, whose bound is given
as |d(t)| < p, and p is a positive real number.

B. Six-Segment SVPWM Scheme

The six-segment SVPWM scheme in [14] is used for control-
ling the six bidirectional switches of the HFLMR. The modu-
lation of the HFLMR should guarantee that 1) a path must be
provided for the output inductor current and 2) short circuit must
not occur in the grid filter capacitors. Considering the above-
mentioned constraints, one of the three bidirectional switches
at upper or lower bridge arms must be ON at any time. In con-
sequence, the HFLMR has six active vectors fa(a =1,...,6)
and three zero vectors I_;,(b =17,...,9) (turn-ON switches on the
same bridge), which are summarized in Table L.

Then, the space distribution of the abovementioned nine
vectors is shown in Fig. 2, where six sectors N are divided
as Table II according to grid phase 6. In sector I, the current
reference vector i* is synthesized by two adjacent active vectors
(fl and fg) and their opposite active vectors (f4 and f5) and the
zero vector (f7). According to the volt-second balance principle,
their relationship can be expressed as

T = Ity + Ity + Inty + Iyty + Ists + Ity (12)
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TABLE I
SIX ACTIVE VECTORS AND THREE ZERO VECTORS OF HFLMR

Sap  Spp  Sep San Spn Sen  Vector
1 0 0 0 1 0 I
1 0o 0 0 0 1 I
0 1 0 0 0 1 Is
0 1 0 1 0 0 I
0 0 1 1 0 0 s
0 0 1 0 1 0 I
1 0 0 1 0 0 I
0 1 0 0 1 0 TIs
0 0 1 0 0 1 Iy

Im
A
I(bc)
A
NS
Loy o7 I e
1.
: . i7(aa) d l”‘ I
T,(bb) Re
| v I,(cc) 3 ; > | >
3
| I
Ti(ca) N \V4 VI ~ I,(ab)
1(cb)

Fig. 2. Space vector diagram of HFLMR.

TABLE II
SECTORS ACCORDING TO GRID PHASE 6

Range of 6 Sector N
117/6 <0 < 7/6 N=1
w/6 <0< m/2 N=2
w/2 <60 <57/6 N=3
5m/6 < 0 < Tmw/6 N=14
Tr/6 <6 < 3m/2 N=5
3r/2 <60 <117/6 N =6

The dwell times of active vectors and zero vectors are
t1 =ty = mgTssin(n/6 — 6)/2
to =ts = mgTssin(mw/6 4 0)/2
tr =T,/2 —t1 — to

13)

where T is the switching period. The modulation ratio m  can
be defined as

24y,
V3Lam
where 7;, and I,,, are the magnitude of the current reference
vector ¢* and six active vectors [, respectively.

Compared with the conventional SVPWM method, the output
current of the six-segment SVPWM scheme has both positive
and negative components. Thus, the ac current can pass through

myq = (14)
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Fig. 3. Control block diagram of HFLMR system.

the high-frequency isolation transformer. The greatest benefit of
the six-segment SVPWM scheme is that the output current can
be regulated by only changing the modulation ratio m,.

III. CONTROLLER DESIGN

The control block diagram of the HFLMR in this article
is shown in Fig. 3. The control objectives are to rapidly and
precisely regulate output current at the dc side, and achieve
unity PF at the grid side. To meet the requirement of dc side,
a DCL-BSC scheme is designed, which consists of a dc out-
put current outer-loop controller and a grid current inner-loop
controller. The global large-signal stability is proved based on
the Lyapunov stability theory. To meet the requirement of grid
side, a phase-compensation method is implemented to realize
unity PF. Finally, the six-segment SVPWM scheme is adopted
to generate corresponding switch gate signals.

A. DCL-BSC Scheme Design

To design the DCL-BSC scheme, the tracking errors of the
outer-loop and inner-loop controller are defined as

zZ1 = io - ZZ

Z9 = id - id* (15)
*

23 = Vg — Vg

and their derivatives can be represented as

21 =1, — 1,

2o =g — 1 (16)

Z3 = Vg — 0.

1) BSC Design for DC Output Current: The objective of the
outer-loop controller is to ensure that the output current ¢, tracks
the reference ¢, under system perturbations.
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The Lyapunov function is designed as V; = 27 /2. Based on
(11) and (15)—(16), the derivative of V7 is

Vi=212 = 21(ip — i)
3Em22 3Em2’2 Vo x
A <2dez‘0 +
3E,.i5  3E,, 2 v
< mtyq m Yo
= (QLdCiO *

The stability of the outer-loop controller can be guaranteed
when the derivative of Lyapunov function V) is negative definite.
So designing the control law for output current as follows:

2deio
3Em

Vo

de

= S (i 2 sm)) (9
where sgn(-) is a sign function, and K and 7 are positive real
numbers. K7 is the control gain of outer-loop controller, and 7
is uncertainty bound estimation. The term of ¢}, in (18) can be
viewed as a virtual control variable, which is also the reference
value of the input of the inner-loop controller.

Substitute the controller (18) into (17), we have

. 3E, 292
V< —Klzf + le —nzisgn(z1) + p|z1]
3E o >
m<221
— — 2 _— — .
K123 + Lo (n—p)ll

When 2z, converges to zero, V1 <-K 12% can be satisfied
(i.e., z1 can converge to zero with p < 7). Next, the inner-loop
controller is designed to ensure that zo converges to zero.

Another important issue is that the sgn(-) in output current
control law (18) may cause chattering problem, which degrades
the system dynamic performance. So we replace sgn(-) with
sat(+)

21
sat(z1) = T ie
where ¢ is the boundary layer thickness.

2) BSC Design for Three-phase Grid Currents: The objective
of inner-loop controller is to ensure that the 74 and v track the
reference values 4); and v}; precisely.

The inner-loop subsystem is a second-order system and the
Lyapunov function candidate of the whole closed-loop system
can be defined as

(20)

V=V 4+ 2%/2 + 232/2. 1)

Substitute (15)—(16) and (19) into (21), the derivative of V'
can be obtained as (22) shown at bottom of the next page.

To guarantee the stability of the whole closed-loop control
system, the derivative of Lyapunov function V must be negative
definite. So designing the control law for grid current as follows:

3 LEmzl

ohi, t Ep +wLig —igR — Lily + Ko Lz,

vy =

C
my = ﬁ (id + wCvy — % —Cv)+ K3Czs
io

(23)
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Fig. 4. Simplified equivalent circuit of HFLMR.

where K, and K3 are positive real numbers of control gains for
inner-loop controller.

Substitute the grid current inner-loop control law (23) into
(22), we have

V =—Kiz{ — (n—p)|a1| — K225 —
< -KV —

ngg
(24)
(n—p)|z1|

where the coefficient K = min{2K7,2K,,2K3}.

When p < n, Vis a negative-definite function. Thus, the
global large-signal stability of the DCL-BSC scheme can be
guaranteed.

According to the Lyapunov stability theory, z; (i = 1,2, 3)
converge to zero exponentially. So, the output current is guaran-
teed to track the reference current rapidly and precisely.

B. Phase-Compensation Method Design

Fig. 4 shows the simplified equivalent circuit of HFLMR at
the grid side. The three-phase grid voltages and currents are
given as (1) and (2). The voltages across the filter capacitor
C in ac side are assumed to be the same as the grid voltages.
In consequence, the high-frequency currents I,; are in phase
with grid voltages without the phase-compensation method [34].
However, the capacitor current I, is leading 90° to the grid
voltages. So the phase of grid currents is ahead of grid voltages,
especially at light load condition, as shown in Fig. 5(a).

The objective of PF control is to ensure that the %, converges
to zero. As shown in Fig. 5(b), if the phase-shift angle ¢
can be compensated by shifting the input currents of the six
bidirectional switches I_;f with the same angle, the grid currents
I, will be in phase with grid voltages E,.API compensation
method based on the phase-shift angle is proposed to compensate
the angle (. First, the tracking error of PI controller is defined
as
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B L 3
I —>
¢ I, o E
(a) (b)
Fig. 5. Phase diagram of grid side. (a) Before compensation. (b) After com-
pensation.
Phase after compensation 6,,, !
27 | — P
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/ /Y

Grid current phase 6;
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Blefore compengation
a // /

r Wl
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Time/s
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/
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Fig. 6. Waveforms of phase after compensation o, grid voltages phase 0.,
and grid currents phase 7.

A PI controller is used to generate compensating angle —.
Then, the grid voltages phase 6. adds the compensating angle
—. Finally, the angle after compensation .oy, = 0. — ¢ is
obtained, which is used to generate the sector NV, as shown in
Table II.

Fig. 6 shows the waveforms of phase after compensation 0o,
grid voltages phase 6., and grid currents phase ;. It can be seen
that 0 is ahead of 6y because of the three-phase input LC
filters. After phase compensation, f; is in phase with ., and
0.om decreases by angle . Then the 60.,,, is used to generate
new sector N of six-segment SVPWM scheme. Therefore, the

e =i, —ig. (25) unity PF can be realized by the phase-compensation method.
3E,, 292 . .
V < Vi + 2080+2333 < K1z1 TQI — (n=p)|z1| + z222+23%3
dclo
. 3Bnz -, iq — it x
< K122 — (n— p|21|—|—zg< —|—on —|—2de%—zd>+23< c + wug — Uy
: . (22)
- K 21| + m —iaRR i+ 3Emz1 -, n id  Mdlo n .
—K, %3 z z Wig + ——— — 1 z Wvg — U

= 121 — (n—p)|z1 2 RSy d 3 " nC q d
Em - R . 3Emzl Lk ld mdio . % 22
<Kz —(n— P|Zl|+22< + wig +2de0—1(1>+23<0 nC +qu—vd—f
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TABLE III
PARAMETERS OF SIMULATIONS AND EXPERIMENTS

Parameters Values

AC grid voltage (RMS) 110V

Grid frequency 50 Hz

Switching frequency(fs) 25 kHz

Sampling period 100 ps
Transformer turns ratio(n : 1) 1:1
Transformer leakage inductance(L;j) 2 pH

LC input filter
LC output filter
LiNCM Battery load

Resistor load

L =1mH, C =30 uF
de =1 mH, Cdc =47 MF
130 V
20 Q/15 Q

IV. SIMULATION RESULTS

In order to validate the effectiveness of the proposed
control scheme, simulations are performed utilizing MAT-
LAB/Simulink. The key parameters for simulations are sum-
marized in Table III. The switching frequency of HFLMR is
chosen as 25 kHz to obtain higher efficiency [35]. Due to the
HFLMR is a converter of EV charger, a battery is used as the
load to verify the dynamic response of the proposed DCL-BSC
strategy. To simulate stronger disturbances, we use resistance
as the load to verify the robust performance of the proposed
DCL-BSC strategy.

For the proposed DCL-BSC control strategy, the inner-loop
control gains are Ko = 15000 and K3 = 1500, the outer-loop
control gain is Ky = 18 000, and the uncertainty bound estima-
tion is 7 = 20 000.

A. Simulation Results of Dynamic Performance

Three cases of output current reference are set up to verify
the dynamic tracking performance of the conventional DCL-PIC
and the proposed DCL-BSC strategy. In these three cases, the
open-circuit voltage (OCV) of the LiNCM battery load are all
130 V. In case I, the dc output current reference value increases
from 7.5 to 10 A at 0.045 s and then returns to 7.5 A at 0.07 s. In
cases II and 111, the output current reference value is composed
of a dc component and a sinusoidal component, which is [7.5 4+
2.5sin(207t)] A and [7.5 4 2.5sin(1007t)] A, respectively.

Casel: i, =7T5A—10A—=75A

Fig. 7 shows the dynamic performance of HFLMR in case I,
where the waveforms of dc output current reference 7, output
current ¢,, output voltage v,, and three-phase currents i, (z =
a, b, ) are shown.

Fig. 7(a) shows the dynamic performance under the DCL-PIC
strategy. The output current transient response rise time is 7 ms
and fall time is 6 ms, respectively. Fig. 7(b) shows the dynamic
performance under the proposed DCL-BSC strategy. The output
current has little overshoot and immediately reaches steady state.
The output current transient response rise time is 2 ms and fall
time is 1 ms, respectively.

Compared with the conventional DCL-PIC strategy, the rise
time and fall time decrease by about 75% under the proposed
DCL-BSC strategy. Thus, it can be seen from Fig. 7 that the
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i *[A]  i[A]
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Time/s
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Fig.7. Dynamic tracking performance of output current i, in case . (a) Under
the DCL-PIC strategy. (b) Under the DCL-BSC strategy.

proposed DCL-BSC strategy has a better dynamic performance
in case L.

Case II: i}y = [7.5 4 2.5sin(207t)] A

Fig. 8 shows simulation results of active current component
reference 7; and active current component 74 under the DCL-PIC
strategy and the proposed DCL-BSC strategy. It can be seen that
the amplitude ratio of i4/7}; is 0.95 while the phase of iy lags
behind 7; 21.8° under the DCL-PIC strategy. In contrast, the
amplitudes of ¢}, and i4 are equal and 74 is in phase with 7
under the proposed DCL-BSC strategy.

Fig. 9 shows the dynamic performance of HFLMR in case
II. The output current reference 7) and output current %, under
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15 T
dnder the DCL-PIC s[trategy
10
o[ \v/\\//\/
of §
-5 .
i*[A]  iA]
15 T T T T .
Under the DCL-BSC strategy
10k ! | J
> \AA/
0
5 | I | . |
0.05 0.1 0.15 0.2 0.25 0.3
Time/s

Fig. 8. Dynamic tracking performance of active current component ¢, under
the DCL-PIC strategy and the DCL-BSC strategy in case II.
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Fig.9. Dynamic tracking performance of output current ¢, under the DCL-PIC
strategy and the DCL-BSC strategy in case II.

the DCL-PIC strategy and the proposed DCL-BSC strategy are
shown. It can be seen that the amplitude ratio of 4, /i), is 0.92 and
the phase of 7, lags behind 7} 18° under the DCL-PIC strategy.
In contrast, under the DCL-BSC strategy, the amplitudes of ¢}
and 7, are equal and 7, is in phase with 7. Thus, the 7, tracks the
reference value 7), well under the proposed DCL-BSC strategy.

Case III: i}, = [7.5 + 2.5sin(1007t)| A

Fig. 10 shows simulation results of active current component
reference 7); and active current component 4 under the DCL-PIC
strategy and the proposed DCL-BSC strategy. It can be seen
that the amplitude ratio of ¢4/ is 0.75 and the phase of i, lags
behind i}, 25° under the DCL-PIC strategy. In contrast, under
the proposed DCL-BSC strategy, the amplitude ratio of 74 /75 is
1.04 and 74 lags behind i}; —9°.

Fig. 11 shows the dynamic performance of HFLMR in case
III. The output current reference ¢, and output current ¢, under
the DCL-PIC strategy and the proposed DCL-BSC strategy are
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Fig. 10. Dynamic tracking performance of active current component ¢4 under

the DCL-PIC strategy and the DCL-BSC strategy in case III.
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Fig. 11.  Dynamic tracking performance of output current 7, under the DCL-

PIC strategy and the DCL-BSC strategy in case III.

shown. It can be seen that the amplitude ratio of 4, /i), is 0.88 and
the phase of 7, lags behind 7} 36° under the DCL-PIC strategy.
In contrast, under the DCL-BSC strategy, the amplitudes of ¢}
and ¢, are equal and 7, lags behind ¢} 5°. Thus, the ¢, tracks the
reference value 4, well under the proposed DCL-BSC strategy.

The tracking results under the conventional DCL-PIC strat-
egy and the proposed DCL-BSC strategy are summarized in
Table IV.

The tracking performance of 4, indicates the dynamic per-
formance of inner-loop controller. The tracking performance of
1, indicates the dynamic performance of dual closed-loop con-
troller. It can be concluded from Figs. 811 that the DCL-BSCs
inner-loop and outer-loop controllers have a better tracking
performance than the DCL-PIC strategy to track ac charging
current reference.
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TABLE IV
COMPARISONS OF AC CURRENT REFERENCE TRACKING PERFORMANCE

Amplitude Conventional method  Proposed method
Frequency
and phase (DCL-PIC) (DCL-BSC)
iq lags 47 21.8° 0°
10 Hz 4 Zd/ldl 0.95 1
1o lags i} 18° 0°
o)1} 0.92 1
iq lags i} 25° —9°
S0 Hz ' Zd/ldl 0.75 1.04
1o lags i} 36° 5°
o)1} 0.88 1

B. Simulation Results of Robust Performance

Three cases of disturbances are set up to verify the robust
performance of the conventional DCL-PIC and the proposed
DCL-BSC strategy. In these three cases, the output current
reference is constant i), = 10 A. In case I, the resister load
decreases from 20 2 to 152 at 0.045 s and then returns to 20 2
at 0.07 s. In case II, the magnitude of phase voltage increases
from 155 to 180 V at 0.045 s and then returns to 155 V at 0.07 s.
In case III, the controller parameters are L/2 and C'/2, and the
actual converter parameters are the same as that in Table III.

Case I: Load variations 20 Q) — 150 — 20Q)

Fig. 12 shows the robust performance of the HFLMR against
load variations, where waveforms of output current 7,, output
voltage v,, and three-phase grid currents i, (z = a,b,c) are
shown. Due to load variations, the 7, has a current fluctuation
of 4 A and returns to 10 A after 6 ms, and the v, reaches 150 V
in 6 ms under the DCL-PIC strategy. In contrast, 7, has little
overshoot and reaches the steady state in 1 ms, and v, reaches
150 V in 1 ms under the DCL-BSC strategy. In addition, the
grid currents are sinusoidal with THD 2.28% and 2.14% during
load variations under the DCL-PIC strategy and the DCL-BSC
strategy, respectively. The results of the comparison show that
the proposed DCL-BSC strategy has better robustness than the
DCL-PIC strategy against load variations.

Case II: Grid variations 155V — 180V — 155V

Fig. 13 shows the robust performance of the HFLMR against
grid variations, where waveforms of three-phase grid voltages
e; (x =a,b,c), grid currents i, (xr = a,b,c), output current
reference 7, output current ¢, are shown. Under the DCL-PIC
strategy, the 7, has a current fluctuation of 1.2 A and returns to
10 A after 6 ms, as shown in Fig. 13(a). In contrast, ¢, has a
small fluctuation of 0.3 A and reaches the steady state in 2 ms
under the DCL-BSC strategy, as shown in Fig. 13(b). The results
of the comparison show that the proposed DCL-BSC strategy
has better robustness than the DCL-PIC strategy against grid
variations.

Case I1I: Parameter uncertainties

To verify the robustness of the proposed DCL-BSC scheme
against parameter uncertainties, we choose controller parame-
ters L/2 and C'/2, and the actual converter parameters are the
same as that in Table III. Fig. 14 shows the robust performance of
the HFLMR against parameter uncertainties, where waveforms
of three-phase grid current i,, (z = a, b, ¢), a-phase voltage and
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Fig.12.  Robust performance of output current 7,,, output voltage v,,, and three-
phase grid currents i, (z = a, b, c) against load variations under the DCL-PIC
strategy and the DCL-BSC strategy.

current, output current reference 4, output current ¢, are shown.
The THD of the input current is 2.54%. The a-phase current is
in phase with a-phase voltage. The output current 7, tracks the
reference 7, stably. As a result, the proposed BSC scheme still
works well under the condition of parameter uncertainties.

According to the comparison of the abovementioned three
cases, the proposed DCL-BSC strategy has better robustness
than the DCL-PIC strategy against system disturbances.

C. Simulation Results of PF Control Performance

To verify the effectiveness of the phase-compensation
method, the output current reference is constant 10 A and the
load is 20 Q.

Fig. 15 shows simulation results of a-phase with the phase
compensation method. The a-phase voltage e,, a-phase current
14, midpoint voltage of bridge A v,, and high-frequency current
of bridge A i, are shown. Before 0.1 s, ¢, is ahead of the e,
without the phase-compensation method due to the effects of
input LC filters. Meanwhile, i, is in phase with v, because the
voltage across the filter capacitor C'is equal to the grid voltages.
After 0.1 s, the 7, is in phase with e, while the high-frequency
current i, is behind of the v, due to the phase compensation. So
the unity PF is realized with the phase-compensation method,
which coincides with the analysis in Section III-B.
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Fig. 13.  Robust performance of three-phase grid currents ¢, (x = a, b, ¢) and
output current ¢, against grid variations under the DCL-PIC strategy and the
DCL-BSC strategy.

V. EXPERIMENTAL RESULTS

An experimental prototype system of an HFLMR has been
set up with the power rating of 2 kW as shown in Fig. 16.
The control scheme is implemented with the dSPACE 1007
digital control system. Parameters of experiments are identical
with those of simulations, which are shown in Table III. For
the proposed DCL-BSC control strategy, the inner-loop control
gains are Ko = 15000 and K3 = 1500, the outer-loop control
gain is K; = 18000, and the uncertainty bound estimation is
1 = 20000, which are the same as the simulations.

Fig. 17 shows the steady-state experimental results of
HFLMR when the modulation ratio m is set to 0.8 with the

-110

\V \/ Y

V V V

0.05

0.1 0.15

Time/s

Fig. 15.  Simulation results of PF control of a-phase.

six-segment SVPWM scheme [14]. The gate-to-source voltage
Uy, drain-to-source voltage vgs of MOSFET Sy, and primary
voltage of transformer vp,; are shown. As shown in Fig. 17(a),
the envelope curve of transformer primary voltage vy, which
has a six orders fluctuation is the same as the envelope curve
of line-to-line grid voltage. It can be seen from Fig. 17(b),
the switch S, turns ON and OFF without spikes. As a result,
the six-segment SVPWM scheme realizes the great steady-state
performance.

A. Experimental Results of Dynamic Performance

Four cases of output current references are set up to verify the
dynamic tracking performance of the conventional DCL-PIC
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Fig. 17. Experimental waveforms under the six-segment SVPWM scheme.
(a) In large time scale. (b) In small time scale.

and the proposed DCL-BSC strategy. In these four cases, the
OCYV of the LiNCM battery load are all 130 V. In case I, the
dc output current reference value increases from 7.5 to 10 A. In
case II, the dc output current reference value decreases from 10 to
7.5 A. In case III, the output current reference value is composed
of a dc component and a sinusoidal component, which is [7.5 +
2.5sin(207t)] A. In case IV, the output current reference value
is [7.5 + 2.5sin(1007t)] A.

Case I: (i, =7.5 — 10 A) and case II: (z} = 10 — 7.5 A)

Fig. 18 shows the dynamic performance of HFLMR in cases
I and II, where the waveforms of dc output current reference i,
output current %,, output voltage v,, and a-phase current %, are
shown.

Fig. 18(a) and (b) shows the dynamic performance in these
two cases under the DCL-PIC strategy. The output current
transient response rise time in case I is 20 ms and fall time in case
II is 15 ms, respectively. Fig. 18(c) and (d) shows the dynamic
performance in these two cases under the proposed DCL-BSC
strategy. The output current has little overshoot and immediately
reaches steady state. The output current transient response rise
time in case I is 2 ms and fall time in case Il is 1 ms, respectively.

Compared with the conventional DCL-PIC strategy, the rise
time and fall time decrease by about 90% under the proposed
DCL-BSC strategy. As aresult, the proposed DCL-BSC strategy

+

i,* (4A/div)—20ms,

e
Horleeloyteptty gttt ]
X
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Dynamic tracking performance of output current %,. (a) Under the
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achieves a better dynamic performance than the conventional
DCL-PIC strategy when the output currents have mutations.

Case III: (i} =
[7.5 + 2.5sin(1007¢)] A)

[7.5 + 2.5sin(207t)] A) and Case IV: (i}, =
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Fig. 19 shows the dynamic performance of HFLMR in cases
I and IV, where waveforms of dc output current reference 7)),
output current 7, are shown.

Fig. 19(a) and (b) shows the dynamic performance in these
two cases under the conventional DCL-PIC strategy. It can be
seen that the amplitude of i, is less than 7} and the phase of i,
lags behind ), especially in case IV. Fig. 19(c) and (d) shows
the dynamic performance in these two cases under the proposed
DCL-BSC strategy. It can be seen that 7, can track ¢}, smoothly
in these two cases.

Compared with the conventional DCL-PIC strategy, the pro-
posed DCL-BSC strategy has a faster dynamic response rate.
As a result, the proposed DCL-BSC strategy achieves a better
dynamic performance than the conventional DCL-PIC strategy
when the output currents have sinusoidal components.

B. Experimental Results of Robust Performance

In this part, the robust performance of the DCL-PIC and
the proposed DCL-BSC strategy against the load, grid, and
parameter variations are investigated. In case I, the resister load
decreases from 202 to 152 and then returns to 20 2. In case
II, the magnitude of phase voltage increases from 155 to 180 V
and then returns to 155 V. In case III, the controller parameters
are L/2 and C'/2, and the actual converter parameters are the
same as that in Table III. In these three cases, the output current
reference is constant ), = 10 A.

Case I: Load variations 202 — 15 and 152 — 20 Q2
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Fig. 21.  Robust performance of two-phase voltages (eq, €p), output current

reference 4, and output current 4. (a) Grid voltage increases from 155 to 180 V
under the DCL-PIC strategy. (b) Grid voltage decreases from 180 to 155 V under
the DCL-PIC strategy. (c) Grid voltage increases from 155 to 180 V under the
DCL-BSC strategy. (d) Grid voltage decreases from 180 to 155 V under the
DCL-BSC strategy.

Fig. 20 shows the robust performance of HFLMR against load
variations. The output current reference 7, output current 7,
output voltage v,, and a-phase current i, are shown.

Fig. 20(a) and (b) shows the robust performance when load
decreases and increases under the conventional DCL-PIC strat-
egy. It can be seen that i, has a current fluctuation of 4 A and
returns to 10 A after 20 ms, and the v, reaches steady state in
20 ms under the DCL-PIC strategy. Fig. 20(c) and (d) shows the
robust performance when load decreases and increases under
the proposed DCL-BSC strategy. It can be seen that 7, has
little overshoot and reaches the steady state in 1 ms, and v,
reaches steady state in 1 ms under the proposed DCL-BSC
strategy. In addition, the grid currents are sinusoidal without
distortion during load variations under the DCL-PIC strategy and
the DCL-BSC strategy, respectively. As a result, the proposed
DCL-BSC strategy has a great robust performance than the
conventional DCL-PIC strategy against load variations.

Case I1: Grid variations 155V — 180V and 180V — 155V

Fig. 21 shows the robust performance of the HFLMR against
grid variations. The waveforms of two-phase grid voltages (e,,
ep), output current reference ¢, and output current ¢, are shown.

Fig. 21(a) and (b) shows the robust performance when grid
voltage increases and decreases under the conventional DCL-
PIC strategy. It can be seen that ¢, has a current fluctuation
of 1.5 A and returns to 10 A after 20 ms when grid voltage
increases, and ¢, has a current fluctuation of 2 A and returns to
10 A after 15 ms when grid voltage decreases under the DCL-PIC
strategy. In contrast, ¢, has little overshoot and reaches the steady
state in 1 ms under the proposed DCL-BSC strategy as shown
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Fig. 23.  Experimental results of PF control of a-phase.

in Fig. 21(c) and (d). The results of the comparison show that
the proposed DCL-BSC strategy has better robustness than the
DCL-PIC strategy against grid variations.

Case I11: Parameter uncertainties

Fig. 22 shows the robust performance of the HFLMR under
the proposed DCL-BSC strategy when the controller parameters
are L/2 and C'/2, and the actual converter parameters are the
same as that in Table III. The waveforms of two-phase grid
voltages (e, ep), output current reference 7, output current %,
are shown. The PF of a-phase is 0.993. The THD of the input
current is 3.66%. The output current ¢, tracks the reference 7,
without steady-state error. As a result, the proposed BSC scheme
still works well under the condition of parameter uncertainties.

According to the comparison of the abovementioned three
cases, the proposed DCL-BSC strategy has better robustness
than the DCL-PIC strategy against system disturbances.

C. Experimental Results of PF Control Performance

To verify the effectiveness of the phase-compensation
method, the output current reference value is constant 10 A.
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Fig. 23 shows experimental results of a-phase with the phase-
compensation method. The a-phase voltage e,, a-phase current
14, grid voltages phase 6., and grid currents phase 6 are shown.

The i, is ahead of the e, and the 0} is ahead of the 6y, 1 ms
without the phase-compensation method because of the input
LC filters. After compensation, the i, is in phase with the e,
and the 67 is in phase with the 8y, with the phase-compensation
method. In conclusion, the unity PF is realized with the phase-
compensation method.

The efficiency of the HFLMR has been measured by the
WTI806E precision power analyzer. The measurements are
conducted on the experimental prototype with a constant R-load
(R = 20€2). The magnitude of phase voltage is constant 155V,
while the dc output current is changed. The efficiency curve is
shown in Fig. 24. It can be seen that the efficiency increases with
higher power, up to 97.8%.

VI. CONCLUSION

In this article, a dual closed-loop backstepping control (DCL-
BSC) strategy is proposed for HFLMR to ensure the better steady
state and dynamic performance, and robustness against system
disturbances. The proposed strategy realizes superior charac-
teristics of accurate current tracking performance in steady
state and fast and nonovershoot response in transient state.
Meanwhile, to realize accurate unity PF, this article proposes
a compensation method based on the phase-shift angle. The
simulation and experimental results confirm that the dynamic
and robust performance of the proposed strategy is better than the
conventional DCL-PIC strategy. Especially, the proposed strat-
egy is simple in structure and requires no additional hardware,
so it can be easily implemented in engineering. This scheme has
great potential to be applied to EV charger, battery test system,
active power filter.
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