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Extended-Phase-Shift Control of Isolated
Bidirectional DC-DC Converter for Power
Distribution in Microgrid
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Abstract—This paper points out a phenomenon of power back-
flow in traditional phase-shift (TPS) control of isolated bidirec-
tional full-bridge DC-DC converter (IBDC), and analyzes the ef-
fects which backflow power act on power circulating flow and cur-
rent stress. On this basis, the paper proposes a novel extended-
phase-shift (EPS) control of IBDC for power distribution in micro-
grid. Compared with TPS control, EPS control not only expands
regulating range of transmission power and enhances regulating
flexibility, but also reduces current stress and improves the sys-
tem efficiency. The operation principle of EPS control and the
operation modes of IBDC are analyzed in the paper. By establish-
ing mathematical models of transmission power, backflow power,
and current stress, the paper comparatively analyzes control per-
formances of TPS and EPS control. At last, experimental results
verify the excellent performance of EPS control and correctness of
the theoretical analysis.

Index Terms—Bidirectional DC/DC converter, current stress.,
microgrid, phase-shift control, power distribution, power flow.

I. INTRODUCTION

ICROGRIDS are becoming a reality in a scenario
M in which interconnected loads, distributed energy re-
sources, and distributed storage systems can be conjugated and
integrated into grid. The need for more flexible electricity sys-
tems, energy savings, and environmental impact are driving the
development of microgrids [1]-[5].

Generally, microgrids can operate in grid-connected mode
and islanded mode [6], [7]. In the grid-connected mode, the
microgrid is connected to a utility grid, operates in parallel with
the utility, and exchanges power with the utility through the
point of common coupling. However, microgrid disconnects the
utility and transfers into the islanded operation when a fault
occurs in the upstream power grid. And in the islanded mode,
microgrid can work as an autonomous grid to generate electricity
using distributed energy resources. So it is important to balance
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demand and supply coming both from the utility and distributed
energy resources.

Moreover, due to not only environmental aspects but also
social, economical, and political interests, many types of re-
newable energy, such as photovoltaic (PV) and wind energy,
have been widely utilized as distributed energy resources in
microgrid [5]. But the variable nature of these renewable en-
ergy systems relies on natural phenomenon, such as sunshine or
wind [8], [9]. Consequently, it is difficult to predict the power
that can be obtained through these prime sources, and the peaks
of power demand do not coincide necessarily with the gener-
ation peaks. Hence, storage energy systems are required if we
want to supply the local loads in an uninterruptible power supply
(UPS) fashion [5], [10].

In order to realize power distribution between energy gener-
ation systems and storage systems in micro grids, various bidi-
rectional DC-DC converters (BDCs) have been proposed as an
everlasting key component to interface between a high-voltage
bus, where an energy generation system such as a fuel cell stack
or a photovoltaic array is installed, and a low-voltage bus, where
usually an energy storage system such as a battery or a super
capacitor is implemented, as shown in Fig. 1 [11]. Generally,
BDC is divided into nonisolated type [12], [13] and isolated
type [11], [14]-[23], and galvanic isolation for BDC is required
for flexibility of system reconfiguration and meeting safety stan-
dards [14], [17]. State-of-the-art isolated bidirectional DC-DC
converter (IBDC) is based on the single-phase and H-bridge
topology with a high-frequency isolation transformer. Fig. 2 de-
picts a typical configuration of IBDC. Compared to traditional
DC-DC converter circuits, this converter has many advantages,
such as electrical isolation, high reliability, easy to realize soft-
switching control, and bidirectional energy flow [14]-[16], [20].

Generally, there are mainly two kinds of control methods for
such topology: traditional pulsewidth modulation (PWM) con-
trol [17]-[19] and phase-shift control. In traditional PWM con-
trol, the cross-connected switch pairs in H-bridge (H; ), such as
(S1,S4) and (So, S3), are switched in turn to transform the high-
voltage V; from DC to AC, the switches (Q;—Q,) in H-bridge
(Hy) are turned OFF and the current conducts only through the
diodes (M;-My) to transform the voltage from AC to DC, so
the power is transferred from V; side to V5 side. In the reverse
power flow, the states of S1—S, and Q;—Q, are exchanged. This
control method is simple and easy to implement, but it has poor
dynamic performance. And the AC output voltage can only be
lower than DC input voltage in H-bridge inverter, so its regulat-
ing range of voltage is limited.

0885-8993/$31.00 © 2012 IEEE
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Fig. 1. Typical application of BDC for power distribution in microgrid [11].
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Fig. 2. Typical configuration of IBDC.

In TPS control [14]-[16], [20], the cross-connected switch
pairs in both H-bridges (H; and Hy) are switched in turn to gen-
erate phase-shifted transition square waves to the transformer’s
primary and secondary sides. And the corresponding phase shift
changes the voltage across the transformer’s leakage inductor to
manipulate the power flow direction and magnitude. This control
method is attracting more and more attention due to its advan-
tages such as small inertia, high dynamic performance, easy to
realize soft-switching control, and so on. But in this method, the
control of the power flow is dependent on transformer’s leak-
age inductor that result in great circulating power and current
stress when the value of V;/nVy deviate far from 1, where n is
turns’ ratio of the transformer. And then, the loss in power de-
vices and magnetic components is increased and the efficiency
of converter is reduced. In order to improve the performance of
the IBDC, various control methods were explored [21]-[25]. In
some of these studies [21], [22], the duty ratio of the driving
signals of each semiconductor device is variable, and should be
calculated online, that increases the complexity of the control.
Some studies are focused on how to extend the soft-switching
range [23] or eliminate reactive power [24], the detailed anal-
ysis of steady characteristics is not conducted. In [25], a novel
phase-shift dual-half-bridge converter with an adaptive inductor
was proposed. It utilizes an adaptive inductor as the commuta-
tion inductor to adapt to the change of the output power, which
results in strict requirements of the coiling method of inductor
and the complexity of the control. And it is mainly improve-
ment of hardware design; the control method of the proposed
converter is still TPS control.

In view of the study situation mentioned above, this paper
points out a phenomenon of power backflow in traditional phase-
shift control, and analyzes the effects which backflow power act

Bidirectional DC-DC Converter
with Galvanic Isolation

Fig. 3. Equivalent circuit of phase-shift control.

on power circulating flow and current stress. On this basis, the
paper presents a novel extended-phase-shift control of IBDC
for power distribution in microgrid. Different from the control
methods mentioned above, this method adds another degree of
freedom to the converter by adjusting the time sequence between
the driving signals of diagonal semiconductor switches, e.g.,
(S1, Sy) in Fig. 2. It not only has smaller power circulating
flow and current stress, but also expands regulating range of
transmission power and enhances regulating flexibility.

II. PHENOMENON OF POWER BACKFLOW IN TRADITIONAL
PHASE-SHIFT CONTROL

In Fig. 2, we replace the transformer with T-type equivalent
circuit, and considering that the magnetizing inductance of the
transformer is much greater than its leakage inductance, the
magnetizing inductance can be considered as an open circuit.
Therefore, the converter in phase-shift control can be repre-
sented by a simplified scheme comprised of two square waves
voltage sources linked by an inductance L, as shown in Fig. 3.

In Fig. 3, L is the sum of the transformer leakage inductance
and that of the auxiliary inductor L, v,; and vy,» are the equiv-
alent AC output voltages of H; and H, in V; side, respectively,
vy, and i, are the voltage and current of inductor L, respectively.
The power-flow direction and magnitude can simply be con-
trolled by adjusting the phase shift between vy, and vy,». Here
we take the forward power flow (from V; to V) as an example
to analyze the main operation principle of TPS control.

The main waveforms of IBDC in TPS control are shown
in Fig. 4, where p;, is the transient waveform of transmission
power, Ty is a half switching period, and D is the phase-shift
ratio between the primary and secondary voltages of the isola-
tion transformer, where 0 < D < 1. And we assume V; > nVs in
Fig. 4, the other condition V; < nV, can be analyzed similarly.
Because v}, and vy, are both square wave AC voltages and their
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Fig. 4.  Waveforms of IBDC in TPS control.

interaction is through the inductor L, so the phase of the primary
current is not always the same as the primary voltage. As can
be seen from Fig. 4, iy, is of the opposite phase from v},; for an
interval of t =ty ~ t{, and t = to ~ t}, that is a portion of the
power delivered to the V5 side in one switching period, while
the other portion is sent back to the primary voltage source V;.
We defined it as backflow power, which is the dark-shaded area
in Fig. 4. For a given transmission power, with the increase of
the backflow power, the forward power also increases to com-
pensate the loss caused by backflow power. Then the circulating
power and current stress are increased, which result in great loss
in power devices and magnetic components and low efficiency
of converter [16], [19]-[23]. In Section IV, we will establish a
mathematical model to analyze it.

III. OPERATION PRINCIPLE OF EXTENDED-PHASE-SHIFT
CONTROL

A. Extended-Phase-Shift Control

In order to significantly decrease the backflow power of the
converter, v,; should not be confined to square waveforms with
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Fig. 5. Waveforms of IBDC in EPS control.

50% duty ratio. For example, if S; and S, do not have the same
driving signal but have a phase-shift ratio of D;, as shown in
Fig. 5, the transformer primary voltage will emerge as a three-
level instead of the traditional two-level. Then the behaviors
of iy, will also be changed: the backflow-appearance time (t =
ty ~ t, and t =ty ~ t,) in Fig. 4 are divided into two intervals
(t=ty~t1, t =11 ~ tll and 1 = f3~ty, t =1y ~ ti;) in Flg 5,
respectively. And the transformer primary voltage v;,; = 0, i.e.,
backflow power is 0, when ¢t = fy~t; and ¢t = t3~14. So the
backflow power is decreased for a given transmission power. In
the reverse power flow, we just need to exchange the operating
states of the H-bridges H; and Hs.

In Fig. 5, D; is the phase-shift ratio between the driving sig-
nals of S; and S4 or S 5 and S3 in H-bridge H;, we defined its
inner phase-shift ratio, where 0 < D; < 1. D» is the phase-shift
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ratio between the primary and secondary voltages of the isola-
tion transformer, we defined its outer phase-shift ratio, where
0< Dy <1land 0 < D;+Dy < 1. In fact, compared to the
TPS control, there is not only the outer phase-shift ratio but also
the inner phase-shift ratio in the proposed EPS control, which
will decrease the current stress, expands regulating range of
transmission power and enhances regulating flexibility.

B. Operation Modes of IBDC in Extended-Phase-Shift Control

To simplify the process of the analysis, we assume that the
converter has reached steady operation states. From Fig. 5, the
switching cycle can be divided into eight operation modes which
are explained as follows:

1)Mode I (ty—t,): Fig. 6(a) shows the equivalent circuit for the
mode /. Just before 7y, S and S3 are conducting. The current iy,
is in negative direction. At #;, S5 is turned OFF and S; is turned
ON at zero current, and D, starts to conduct. On the secondary
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Operation modes of IBDC in EPS control. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Mode 7. (h) Mode 8.

side, the current is carried from L to V, by My and M3. The
voltage across L is clamped at nV,, and the current i;, decreases
linearly. This mode ends up when S, is turned OFF. During this
mode, the current of L is

i (1) = i () + 22— 1), M)
2) Mode 2 (t;-t)): Fig. 6(b) shows the equivalent circuit for
mode 2. If current iy, is still in negative direction at #; then at
t1, So is turned OFF and S; is turned ON at zero current, iy,
is carried from L to V; by D; and D,. On the secondary side,
the current is carried from L to Vo by My and M3. The voltage
across L is clamped at V1 +nVs, and i, still decreases linearly.
This mode ends up with i;, decreasing to zero. During this mode,
ir, 1S

Vi+nls

(=), @)

i (t) =ip(t1) +
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3) Mode 3 (t}—t5): Fig. 6(c) shows the equivalent circuit for
the mode 3. At ¢}, the polarity of i;, changes from negative to
positive. And because the driving signals of S;, Sy, Q2, and
Q3 are already on, so S;, Sy, Q2, and Qs start to conduct.
The voltage across L is clamped at V; + nVs, and i, increases
linearly. This mode ends up when Qy and Qs are turned OFF.
During this mode, iy, is the same with (2).

4) Mode 4 (t5 — t3): Fig. 6(d) shows the equivalent circuit for
the mode 4. At 15, Qo and Qg are turned off and Q; and Qq
are turned on at zero current. M; and My start to conduct. The
voltage across L is clamped at V;-nVs, and i, still increases
linearly due to V; > nV,. This mode ends up when S, is turned
OFF. During this mode, iy, is

Vi —nl,

irn(t) =ip(t2) + 7

(t —ta). 3)

5) Mode 5 (t3 —ty): Fig. 6(e) shows the equivalent circuit for
mode 5. At 13, Sy is turned OFF and Sj is turned ON at zero
current, D3 starts to conduct. On the secondary side, the current
is carried from L to Vo by M; and My. The voltage across L
is clamped at —nV5, and the current i; decreases linearly. This
mode ends up when S; is turned OFF. During this mode, the
current of L is

i (1) = ip (ty) + —22

(t—ts). “4)

6) Mode 6 (14 — t}): Fig. 6(f) shows the equivalent circuit for
mode 6. If current i, is still in positive direction at ¢4, then at
t4, So is turned OFF and S; is turned ON at zero current, iy,
is carried from L to V; by Do and D3. On the secondary side,
the current is carried from L to Vo by M; and M. The voltage
across L is clamped at —-V;-nVs, and iy, still decreases linearly.
This mode ends up with i;, decreasing to zero. During this mode,
i L is
Vi —nl,

L

7) Mode 7 (t,—t5): Fig. 6(g) shows the equivalent circuit for
the mode 7. At t/j, the polarity of i;, changes from positive to
negative. And, because the driving signals of So, S3, Q1, and
Q, are already ON, so So, S3, Q1, and Q start to conduct.
The voltage across L is clamped at —V;-nVs, and iy, increases
linearly. This mode ends up when Q; and Qy are turned OFF.
During this mode, iy, is the same with (5).

8) Mode 8 (t5 — tg): Fig. 6(h) shows the equivalent circuit for
the mode 8. At t5, Q1 and Q4 are turned OFF and Q. and Q3
are turned ON at zero current. My and M3 start to conduct. The
voltage across L is clamped at —V;+nV,, and iy, still increases
linearly due to V; > nVs. This mode ends up when S3 is turned
OFF. During this mode, iy, is

ir(t) =ip(ty) + (t —ty). (5)

IR ), ©)

According to the above analysis, the transformer primary
voltage v; = 0, and there is no backflow power in modes /
and 5. So the whole backflow power is decreased for a given
transmission power. In fact, if i; has dropped to zero before #;
or t4, then the backflow power will be eliminated, as shown in

ir(t) =ir(ts) +

4671

Fig. 7(a). In this case, modes 2 and 6 in Fig. 6 will be replaced
by mode 2" and 6’ in Fig. 7(b) and (c), respectively.

9) Mode 2" (t)-t;): Fig. 7(b) shows the equivalent circuit
for mode 2'. At t}, the polarity of i; changes from negative
to positive. And because the driving signals of Sy, Sy, Q2, and
Q3 are already ON, so Dj, Sy, Q2, and Qs start to conduct.
The voltage across L is clamped at nV5, and iy, still increases
linearly. This mode ends up when S, is turned OFF. During this
mode, i, is the same with (1).

10) Mode 6' (t),—t,): Fig. 7(c) shows the equivalent circuit
for mode 6'. At t}, the polarity of i;, changes from positive to
negative. And because the driving signals of S;, S3, Q;, and
Qg are already ON, so Dy, S3, Q, and Qq start to conduct.
The voltage across L is clamped at —nV,, and iy, still increases
linearly. This mode ends up when S; is turned OFF. During this
mode, i;, is the same with (4).

IV. ANALYSIS AND COMPARISONS OF TPS AND EPS CONTROL
A. Low-Frequency Average Model

According to the above analysis, assuming 7y = 0, then we
have t1 = D1 Ty, to = DTy, 13 = T, 1y = Tyns+D1 T, t5 =
Ths+D2 Ty, and tg = 2Ty,4. The average current of the inductors
over one switching period (27},5) should be zero in steady state;
thus from (1) to (6), we can derive

i1 (to) =~ (k{1 = D) + (2D + 2D, ~ 1) (D)
i () = —:fiz[m ~ D)+ (2Ds — 1)] ®)
i (ty) = Zf—VQL[k(wQ +Dy —1)+1] ©)

where f; = 1/(2Ty5) is switching frequency, k = V,/nV,; is the
voltage conversion ratio, and we assume k > 1 in the paper,
the other condition k < 1 can be analyzed similarity. When the
power flows from V; to Vs, the current stress of converter under
EPS control is

nVs

(10)
The transmission power is
1 T s
Pl = T;Ls \/0 ’UhliL(t)dt
nVi Vs 1
= Dy(1—D —Di(1—D; —2D5)|. (11
2f5L[ 2 ( 2)-1-2 1( 1 2) |- (11)
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The backflow power is

!

P! :L/I
bf Ths t

Uh1 |’iL (t)|dt
_ nViVelk(l1 — Dy) + (2D; — 1)P?

12
16f,L(k+1) 12)
where i (t;) < 0, from (8), we have
1—-2D,
k> ———. 13
>z D, (13)

When k < (1-2D5)/(1-Dy), the backflow power is zero. In (7)—
(13), the constraints are k > 1,0 < Dy < 1,0 < Dy <I, and
0 < Dy+Dy < 1. Similarly, from Fig. 4, the current stress of
converter under TPS control is

. nVs
max — 2D —1 . 14
ma 4st( + k) (14)
The transmission power is
nViVy
P= D(1 - D). 15
The backflow power is
k+ (2D —1)]?
p,, = WiValk+ (2D — 1) 16

16f;L(k+1)
In (14)—(16), the constraints are k > 1 and 0 < D < 1.
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Theoretically, when the load is set as resistance R, from (11),
we can derive

V27nV1R

1
=57.L Dy(1 = D) + 5Di(1 = Dy —2Ds)| . (17)

With the variation of Dy and D5, we have

O§V2<nV1R

S SAL (18)

Similarly, from (15), the output voltage range in the TPS control
can be achieved. In fact, the output voltage range in the EPS
control is the same as that in the TPS control. And its main
benefit lies in that the power circulating flow and current stress
are both reduced for a given output power; therefore, it leads
to the improvement of the converter’s overall efficiency. Theory
and experiment analysis of the paper are centering on these
special characteristics of EPS control as well.

B. Comparative Analysis of Transmission Power

For the convenience of analysis, the unified transmission
power p’ and p are defined as

P/
P = — =4Dy(1 — Dy) + 2D, (1 — D, — 2Dy)
Py (19)

Py
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Fig. 8. Relation curves of the unified transmission power p’ with D1 and Ds. (a) 3-D curves. (b) 2-D curves.
where
nVi Vs C.
Py = : (20)
8fsL

When taking that the outer phase-shift ratio (Dy) in EPS
control is equal to the phase-shift ratio (D) in TPS control, the
3-D curves of the unified transmission power p’ and p varied with
D, and D, shown in Fig. 8(a). As can be seen from Fig. 8(a), with
different Dq, p’ will be different with p. And the EPS control
can achieve larger transmission power than the TPS does when
0 < Dy < 0.5. In fact, from (19), we can derive

1—2Dy)?
pinax =1- ( ) 2) (21)
where 0 < Dy < 0.5 and D = (1-2D5)/2.
Prnax = 4D2(1 — D») (22)
where 0.5 < Dy < 1 and D; =0.
Plin = 2Do (1 — Dy) (23)

where D; = 1-D».

From (21) to (23), Fig. 8(a) can be converted to a 2-D picture,
as shown in Fig. 8(b). The dashed line is the regulating curve
of transmission power in TPS control, and the dark-shaded area
is the regulating area of transmission power in EPS control.
From Fig. 8(b), due to the addition of Dy, the regulating range
of transmission power is changed from the single curve to the
2-D area. With the same outer phase-shift ratio (D, = D), the
EPS control offers wider power transmission range than the TPS
control does, and the maximum value is determined by (21) and
(22) while the minimum value is determined by (23). Due to the
addition of D, the regulating flexibility of transmission power
is also enhanced.

Considering that the basic prerequisite for comparative analy-
sis of backflow power and current stress is that the transmission
power of TPS and EPS control are the same. In the follow-
ing analysis, we take operating points A/A4, B/Bs, and C/Cy as
characteristic points of TPS control in different operating ar-
eas, where A(D = 1/8), Ay(D = 7/8), B(D = (2 — 2'/2)/4),
B3(D = (2+2'/2)/4), C(D = 1/4), and Co(D = 3/4), then the

C. Comparative Analysis of Backflow Power

Considering the relationship between the backflow power
and the transmission power, the unified backflow power M, f
and Mj; are defined as

P} [k(1—Dy)+ (2D — 1))?

1o b
My = Py 2(k + 1) @4
_By _[k+(eD-DP
A T )

The basic prerequisite for comparative analysis of backflow
power is that the transmission power of TPS and EPS control
are the same. From (11) and (15), we have

4D(1 — D) = 4Dy(1 — Dy) + 2Dy (1 — Dy — 2D5). (26)

With the specified value of D; and Dy in EPS control, the
phase-shift ratio D in TPS control can be obtained

_ 1—/T—4Dy(1 — Dy) — 2D, (1 — D; — 2Dy)

Dl
_D:

1++/1—4D,(1—-D,) —2D:(1 — D; —2Dy)

D//

2o [ —] po|—

(27
Using (24), (25), and (27), and assuming k = 5, the 3-D curve of
the unified backflow power varied with Dy and Dy can be shown
in Fig. 9. As can be seen from Fig. 9, the backflow power in
TPS and EPS control are the same when D; = 0. And due to the
addition of Dy, with the same transmission power, the backflow
power in TPS control is larger than that in EPS control, and the
condition of D = D" generates larger backflow power than the
condition of D = D’ does.

The contour lines in Fig. 8(b) show that there are infinite
combinations of (D1, D) in EPS control for the same transmis-
sion power in TPS control. Considering the different qualities
of EPS control in different operating points, we will analyze the
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3-D curves of the unified backflow power Mf{) ¢ varied with D; and

optimal operating point of backflow power. From (26), we have

1—2Dy —/2(1 —2D)? — (1 — 2D5)?

Dy = 5
D, = .
D — 1—2D, +/2(1—2D)? — (1 — 2D,)?
2
(28)
For D] > Dj, from (24), we have
My ;(Dy) > My (DY). (29)

Substituting Dy = DY into (24), the function of M| and D,
can be obtained

Ml;f min(DQ)

[k(1—/2(1 —2D)2—(1 — 2D9)?)+ 2(k + 2) Dy — 2J°
B 8(k+1)

(30)
where |1-2Dy| < 2! /2 [1-2D| and 0 < D, < 1. Solving (30)

with constrained optimization methods, we can derive
1) when 0 < D< (2—21/2)/4

k—2—ky/2(1—-2D)% —1)?
Mlﬁf min(DQ) :Mlﬁf min(o) = [ ( ]

8(k+1)
(€29)
where
1++2(1-2D)?2 -1

Dy = 7 (32)

Dy =0

2) when (2-2'/2)/4 < D < 1/2
, , 1—+2(1-2D
bemin(DQ):bemin ( (2 >>
— _ 2

_ (V2= 1k —2+2(k+2)D] %)

Ak +1)
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where
D, — V2(1 —2D)
2 (34)
1—+2(1-2D)
DQ = f

In Fig. 8(b), we take operating points A, B, C, A1/As/As, B1/B>,
and C; as characteristic points of TPS and EPS control in differ-
ent operating areas, from (19) to (21), and (26), we have: A; (D,
=0,D; = (4+21/2)/8), A (Dy = 0, D = (4-2'/2)/8), Ay(D>
= (4-21/2)/8, D1 = (4+2'/2)/8), A3(Dy = (4+2'/2)/8, D; =
(4-21/2)/18), B1 (D2 =0, Dy = 1/2), By(Dy = 1/2,D; = 1/2), and
C1(Dy = (2-2'/2)/4, D, =2 /2/4). Fig. 10 shows the curves of
the unified backflow power varied with voltage conversion ratio
k in TPS and EPS control for the same transmission power.

D. Comparative Analysis of Current Stress
For the convenience of analysis, the unified current stress G’
and G are defined as

,L'l

G' = 2 —2[k(1 - D1) + (201 +2D; — 1)]  (35)
N
G =" _ 99D 14k) (36)
In
where
- PN - n‘/g
V=" =55p 37)

Using (27), (35), and (36), and assuming k = 5, the 3-D curve
of the unified current stress varied with Dy and D, as shown in
Fig. 11. As can be seen from Fig. 11, the current stress in TPS
and EPS control are the same when D; = 0. And due to the
addition of D; with the same transmission power, the current
stress in TPS control is larger than that in EPS control, and the
condition of D = D" generates larger current stress than the
condition of D = D’ does.

Likewise, the optimal operating point of current stress can be
analyzed. For D} > Dj, from (35), we have

{ G(D) < GDY) k<2 .
@D < QD) k=2
That is,
(k —2)\/2(1 = 2D)2 — (1 — 2D,)?
, +2kDy +k k<2
min (DQ) = (39)

(2—k)\/2(1 = 2D)? — (1 — 2D,)?
+2kDy +k k>2

where [1-2Dy| < 2!/2 |1-2D| and 0 < Dy < 1. Solving (39)
with constrained optimization methods, we can derive
1) when 0 < D< (2-21 /2)/4

o [-DVEATTIDF T4k k<2
min( 2)_{(2—k)\/m+k k22

(40)
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(b) B and B3 in TPS control and B; and Bs in EPS control. (¢) C and Cs in TPS control and C; in EPS control.

Fig. 11.  3-D curves of the unified current stress G’ varied with D1 and D .
where
1—-4/2(1-2D)2 —1
( ) k<2
Dy — 2
L V20 —2D) —1 (41)
1 2(1—-2D)? —
+v2( ) k>0
2
Dy =0.

According to (32) and (41), when k > 2, the optimal operating
points of backflow power and current stress are the same. From
(36) and (40), we can derive

G < Ginin k< k()
{ , (42)
min S G k Z ko
B 1++2(1—-2D)? -1
ko =2 — ) (43)
2) when (2-21/2)/4 < D < 112
' (Do) = k(2V2D +2 - V/2) (44)

where
2(1—-2D
p, = V212D
(45)
1—+2(1-2D)
Dy=——"7-2-——4--=.
2
From (36) and (44), we can derive
G < G/min k < ko
(46)
;nin S G k Z k()
where
ko = V2. 47)

According to the above analysis, when k > k, the current stress
in EPS control is less than that in TPS control. Likewise, we take
operating points A, B, C, A1/As/As, B1/By, and C; as character-
istic points of TPS and EPS control in different operating areas.
Then the curves of the unified current stress varied with voltage
conversion ratio k for the same transmission power shown in
Fig. 12.

As can be seen from Fig. 12, in all operating areas, the current
stress increases with the increase of voltage conversion ratio k.
The EPS control can take different operating points to ensure
that the current stress is less than the TPS control when k > kg,
and the minimum value is obtained at A, By, and Cy, which
agrees well with the aforementioned theoretical analysis.

V. EXPERIMENTAL RESULTS

In order to verify the aforementioned analysis, a laboratory
prototype is constructed based on TMS320F2812 DSP. And the
main parameters of converter are shown in Table I.

In order to verify the power regulating capacity of EPS con-
trol, the input voltage and the output load are specified as 220 V
and 6 €, respectively. Fig. 13 shows the curves of the transmis-
sion power varied with D; and D». As can be seen from Fig. 13,
in EPS control, the transmission power can be regulated both by
D, and D», and due to the addition of D, the regulating range
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Fig. 12.

Curves of the unified current stress G’ varied with voltage conversion ratio k. (a) A and A4 in TPS control and A1, A1’, A5, and A3 in EPS control. (b) B

and B3 in TPS control and B; and Bs in EPS control. (c) C and Cy in TPS control and C; in EPS control.

Fig. 13.
transmission power varied with Dy when D; is specified.

TABLE I
MAIN PARAMETERS OF PROTOTYPE

Auxiliary inductor Ly 0.2 mH
Input dc capacitor C, 2200 pH
Output dc capacitor C, 2200 pH
Transformer voltage ratio n 2
Switching frequency 10 kHz
Input dc voltage 14 140 ~ 300 V
Output dc voltage V> 0~ 180 V
Output power P 0 ~ 1160W
Output load R, 6/28Q

of transmission power is changed from the single curve to the
2-D area. With the same outer phase-shift ratio (D, = D < 0.5),
the EPS control (D;# 0) can offer wider power transmission
range than the TPS control (D; = 0) does, that will enhance

U;;n[=n,? LDy=0.550 D,=0451 D=035 D;=0.251 D;=0.2 %
0.2 0.3 0.4 0.5 0.6 0.7 0.8
D;

(b)

Curves of the transmission power varied with Dy and Ds. (a) Curves of the transmission power varied with D1 when Dy is specified. (b) Curves of the

regulating flexibility. In addition, Fig. 13 shows that there are
many different combinations of (D1, D) in EPS control for the
same transmission power in TPS control. And the maximum
and minimum values of transmission power are obtained about
at D1+Dy = 0.5 and D;+D, = 1, respectively, which agrees
well with the aforementioned theoretical analysis.

In order to verify the backflow power characterization of EPS
control, the transmission power and output voltage are both
in closed-loop control for 380 W and 48V, respectively, the
transient waveforms of transmission power with input voltage
Vi =220V is shown in Fig. 14(a), and the curves of backflow
power varied with input voltage V; and inner phase-shiftratio D
is shown in Fig. 14(b). It can be seen from Fig. 14, the backflow
power is bound up with input voltage V; and inner phase-shift
ratio Dy, and it decreases with the increase of D; and increases
with the increase of voltage conversion ratio k = Vi/(nVs).
Under different experimental conditions, the EPS control always
can generate less backflow power than the TPS control does, and
the minimum point of current stress is the minimum point of
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EPS control with V; =220V, Vo = 48V, P/ = 380 W, and D; = 0.2. (c) EPS control with V; =220V, Vo = 48V, P' = 380 W, and D; = 0.4.

backflow power when V; > 200 (i.e., k > 200/(2%48)~2), which
agrees well with the aforementioned theoretical analysis.

Fig. 15 shows the experimental waveforms of vy,1, v, and
ir, in TPS and EPS control for the same transmission power, and
Fig. 16 shows the curves of current stress varied with V; and
D; . It can be seen that current stress is also bound up with input
voltage V; and inner phase-shift ratio Dy, and it decreases with
the increase of Dy and increases with the increase of voltage
conversion ratio k = V;/(nVy). Under different experimental
conditions, the EPS control always can generate less current
stress than the TPS control does. When the converter is operating
in the optimal point, the stress current achieves the minimum
value, which is consistent with the aforementioned theoretical
analysis.

Under the same experimental conditions with Figs. 14(b) and
16, Fig. 17 shows the efficiency curves of the converter in both
control methods. It can be easily found that the EPS control
can achieve higher efficiency than the TPS control, especially in
large voltage conversion ratio condition. And when the converter
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Fig. 16.  Curves of the current stress varied with V| when Dy is specified.
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Fig. 18.  Waveforms of IBDC in EPS control when k < 1.

is operating in the optimal point, the efficiency achieves the
maximum value.

VI. DISCUSSION

All of the above analysis is based on the qualification that k >
1. In fact, when k < 1 (nV5 > V7), we just need to exchange the
operating modes of the left and the right H-bridges, as shown in
Fig. 18.
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Similar to the analysis in Sections I and IV, we can derive that
the current stress of converter under EPS control is

./ ‘/1 1
~Af L

max E(l —Dy)+(2Dy + 2Dy — 1)] . (48)

The transmission power is

nVi Vs 1
T ERINE P,

The backflow power is

nViVa[(1/k)(1 — Dy) + (2Ds — 1)]2

By = 16, L(1/k) + 1)

(50)

In (48)—(50), the constraints are k < 1,0 < D; <1,0< Dy <
1 and 0 < Dy+D> < 1. Similarly, the current stress of converter
under TPS control is

. Vi
Tmax —m(2D_1+(1/k) (51)
The transmission power is
ERANL
P = 3L D(1- D). (52)
The backflow power is
ViVal(1/k 2D —1)]?

16/, L(1/k) + 1)

In (51)—(53), the constraints are k < 1 and 0 < D < 1. Due to
1/k > 1, comparing (48)—(53) with (9)—(12) and (14)—(16), we
can come to the conclusion that the performance at k < 1 is
coincident with that at k > 1.

The transmission power and output voltage are both in closed-
loop control for 1160 W and 180V, respectively. Fig. 19 shows
the experimental waveforms of vy, 1, v;,2, and iz, in TPS and EPS
control for the same transmission power, and Fig. 20 shows the
curves of current stress varied with V; and D;. Different with
Fig. 15, the input voltage in Fig. 19 is specified as 160V, i.e.,
k = 160/(2%180) = 0.44. As can be seen from Figs. 19 and 20,
the current stress also decreases with the increasing of D, but
decreases with the increasing of k = V1/(nVs). In fact, when k <
1 (nV5 > V1), the current stress changes into an increase with the
increasing of voltage conversion ratio 1/k = nVs/ V;. Similarly,
the EPS control always can generate less current stress than the
TPS control does with the condition of k < 1.

Fig. 21 shows the efficiency curves of the converter in both
control methods. It can be easily found that the EPS control
can achieve higher efficiency than the TPS control, especially in
large voltage conversion ratio condition. And when the converter
is operating in the optimal point, the efficiency achieves the
maximum value.
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VII. CONCLUSION microgrids,” IEEE Trans. Power Electron., vol. 26, no. 3, pp. 664—673,
. . . . Mar. 2011.

IBDC is an everlasting key component to realize power distri-  [3] R. Majumder, A. Ghosh, G. Ledwich, and F. Zare, “Power management
bution between energy generation systems and storage systems aqd power flow control with back-to-back converters in a utility connected
in microgrids. In order to overcome the inherent disadvantages gg‘fgog“d’ IEEE Trans. Power System., vol. 25, 10. 2, pp. 821-834, May
of TPS control of IBDC, a novel EPS control is proposed for [4] A. K. Abdelsalam, A. M. Massoud, S. Ahmed, and P. N. Enjeti,
power distribution in microgrid in this paper. From the theo- “High-performance adaptive perturb and observe MPPT technique for

. . . . photovoltaic-based microgrids,” IEEE Trans. Power Electron., vol. 26,
retical analysis and thff experiments, it can be found that EPS n0. 4. pp. 1010-1021, Apr. 2011,
control has the following features: 1) EPS control expands reg- [5] J. M. Guerrero, J. C. Vasquez, J. Matas, M. Castilla, and L. G. Vicuna,
ulating range of transmission power and enhances regulating “Control strategy for flexible microgrid based on parallel line-interactive
flexibility. 2) EPS control reduces power-circulating flow, and 3:? %Ztgm’ IEEE Trans. Ind. Electron., vol. 56, no. 3, pp. 726-736,
thus reduces conduction losses and improves the system effi- [6] J. v Kim" J. H. Jeon, S. K. Kim, C. Cho, J. H. Park, H-M. Kim,
ciency. 3) EPS control reduces current stress, and thus reduces and K.-Y. Nam, “Cooperative control strategy of energy storage system

g : : . and microsources for stabilizing the microgrid during islanded opera-
switching losses and p rOlongS.the service life of deV} ces. For tion,” IEEE Trans. Power Electron., vol. 25, no. 12, pp. 3037-3048, Dec.
the same power level, the devices can be selected with lower 2010.
stress levels, which saves the cost. 4) EPS control is simple in [7] J.-H.Jeon,J. Y. Kim, H. M. Kim, S.-K. Kim, C. Cho, J.-M. Kim, J.-B. Ahn,
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