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Transtormer-Coupled Multiport ZVS Bidirectional
DC-DC Converter With Wide Input Range

Haimin Tao, Andrew Kotsopoulos, Jorge L. Duarte, Member, IEEE, and Marcel A. M. Hendrix, Member, IEEE

Abstract—Multiport dc—dc converters are particularly inter-
esting for sustainable energy generation systems where diverse
sources and storage elements are to be integrated. This paper
presents a zero-voltage switching (ZVS) three-port bidirectional
dc—dc converter. A simple and effective duty ratio control method
is proposed to extend the ZVS operating range when input volt-
ages vary widely. Soft-switching conditions over the full operating
range are achievable by adjusting the duty ratio of the voltage
applied to the transformer winding in response to the dc voltage
variations at the port. Keeping the volt-second product (half-cycle
voltage-time integral) equal for all the windings leads to ZVS
conditions over the entire operating range. A detailed analysis
is provided for both the two-port and the three-port converters.
Furthermore, for the three-port converter a dual-PI-loop based
control strategy is proposed to achieve constant output voltage,
power flow management, and soft-switching. The three-port con-
verter is implemented and tested for a fuel cell and supercapacitor
system.

Index Terms—Bidirectional converters, fuel cells, multiport con-
verters, soft-switching, supercapacitors, three-port converters.

I. INTRODUCTION

ULTIPORT converters, a promising concept for alterna-
Mtive energy systems, have attracted increasing research
interest recently [1]-[8]. Compared with the conventional
approach that uses multiple converters, a multiport converter
promises cost-effective, flexible, and more efficient energy
processing by utilizing only a single power stage.

For dc—dc power conversion, the dual-active-bridge (DAB)
converter (Fig. 1) has been proposed in [9]. It has attractive
features such as low device stresses, bidirectional power flow,
fixed-frequency operation, and utilization of the transformer
leakage inductance as the energy transfer element. The main
drawback of the DAB converter, however, is that it cannot
handle a wide input voltage range (e.g., fuel cells and superca-
pacitors). In such a case the soft-switching region of operation
will be significantly reduced [9], [10].
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Fig. 1. Dual-active-bridge (DAB) converter topology.

As an extension of the DAB topology, a three-port triple-ac-
tive-bridge (TAB) converter for a fuel cell and battery system
was proposed in [11]. A similar topology was found in [12] for
the application of uninterrupted power supply (UPS) systems.
However, like the DAB converter, the TAB converter does not
maintain ZVS when wide voltage variations are present.

To extend the soft-switching operating range, an inductor can
be paralleled to the transformer; however, it will not extend the
ZVS area to 100% [13]. References [13] and [14] have proposed
a voltage cancellation method, effectively a form of duty ratio
control, along with phase shift control to extend the ZVS op-
erating region. The method uses an offline calculated lookup
table of the control angles with the output current and voltage
(V-I plane) as the look-up parameters. The goal is to control
the delay angle of the firing signal of one of the bridge legs,
and therefore the zero-crossing of the current, such that all the
switches are soft-switched. However, the described method is
complex to implement and equations for calculating the angles
have not been published. Duty ratio control was also used in
[12] for adjusting the amplitude of the fundamental component,
but not explicitly for extending the ZVS range. In addition, a
phase shift plus pulse-width-modulation (PWM) control was
applied to the DAB converter in [15], where the converter uses
two half-bridges to generate asymmetrical waveforms in order
to deal with the voltage variation. However, for the multiport
topologies, with this method only one port may have a wide op-
erating voltage because all the bridges operate at the same duty
ratio.

Using a A-equivalent model of the transformer network to
analyze the power flow in a three-port system has been discussed
in [11] and [16]. This approach simplifies the analysis of the
power flow.

For the TAB converter duty ratio control can be used to com-
pensate for voltage variations at the ports. We propose that the
duty ratio is imposed according to the operating voltage of the
port, being inversely proportional. In this way the effective volt-
ages (volt-second products) presented to the transformer wind-
ings are equal (i.e., their half-cycle voltage-time integrals are
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equal). In multiport topologies it is therefore possible to extend
the ZVS operating range to the entire operating region. Note
that although both are a form of duty ratio control, the proposed
method (keeping the volt-seconds equal) is different from the
method presented in [13] and [14]. The way in which the duty
ratio is controlled is essentially different.

An embodiment of the idea is a fuel cell system using a three-
port converter. The implementation of a fuel cell system needs
energy storage to improve the system dynamics. A supercapac-
itor has an advantage over batteries in terms of transient energy
storage because it can be recharged and discharged virtually un-
limited times, and the state-of-charge (SOC) of a supercapacitor
is simply a function of the voltage. However, the supercapac-
itor operating voltage varies widely compared with batteries.
To keep ZVS, duty ratio control is applied to the supercapac-
itor bridge.

This paper elaborates on our previous work in [17] and [18].
Presented in the following sections are the ZVS analysis for the
DAB and TAB converters, the system modeling, dual-PI-loop
control strategy, soft start-up methods, as well as simulation and
experimental results.

II. TWO-PORT TOPOLOGY

A. DAB Converter With Duty Ratio Control

In the conventional DAB converter (Fig. 1), each bridge gen-
erates a square-wave voltage. The two voltages v; and vy are
phase-shifted with respect to each other with an angle ¢ to con-
trol the amount of power flow through the inductor L which
represents the sum of the primary-referred transformer leakage
inductance and optional external inductor.

The DAB converter suffers from a limited soft-switching
range if the port dc voltages change dynamically in a relatively
wide range [9]. Fig. 2 plots the soft-switching (SS) region of
the DAB converter, showing the dependence of the ZVS range
on the dc conversion ratio d which is defined as d = Vo /(nV7),
where n = Ny/Nj is the transformer turns ratio. The power
flow in the figure is expressed in per unit (p.u.) with the base de-
fined as Pg = V{?/(wL), where w = 27 f, (f is the switching
frequency in Hz). For the Vj-side bridge, hard-switching
(HS) can occur when d > 1. Under idealized conditions the
soft-switching operating range can be calculated by solving for
the current at the switching instances and enforcing the ZVS
constraints, i.e., a positive current through the outgoing power
switch. This is found to be

T 1
|<P|>§<1—E>- (D

For the V5-side bridge hard-switching can occur when d < 1,
and the soft-switching operating range is

ol > g(l—d)- 2)

For a given d, the minimum operating phase shift which results
in soft-switching can then be determined. Full control range
under soft switching is achievable for d = 1. In general, the
larger the phase shift, the better the switching condition.

In addition to the phase shift control, this paper introduces
a simple duty ratio control method to extend the ZVS range.
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Fig. 3. Fundamental model of the DAB converter with phase shift y» and duty
ratio control. V5 and v, are referred to the primary (V1) side and represented
by VJ and v}, respectively. D- denotes the duty ratio of v5.

The definition of the duty ratio is shown in Fig. 3. It represents
the pulse width of the rectangular-pulse-wave and has a value
between 0 and 1 (1 for square-wave). In Fig. 1 the voltage source
V1 is assumed to be constant; thus the V;-side bridge operates
in square-wave mode (i.e., D1 = 1), whereas V5 varies between
its minimum voltage V5 i, and the maximum voltage V5 pax.-
We calculate the duty ratio as

_ VVZmin

D
A

(€)
According to (3), the duty ratio is inversely proportional to the
voltage. If V5 equals V5 iy, then Dy = 1. A larger value of V5
results in a smaller duty ratio. The transformer turns ratio n is
chosen according to

No Vamin
=— = . 4
N, v “®
Then, D, can also be expressed as
nV1
Dy = ——. 5
2=, 5

The phase shift ¢, as shown in Fig. 3, is imposed with respect
to the central axis of the voltage pulse (i.e., the phase shift be-
tween the fundamental components). The phase shift is positive
when vy leads wvo, resulting in a power flow from Vj to V,. A
negative phase shift means that v, leads v, and power flows
from V5 to V;.

The volt-second product is defined as the time integral of a
half-cycle of the winding voltage. For a rectangular-pulse-wave
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Fig. 4. Possible operation modes at different phase shifts: (a) inner mode, and
(b) and (c) outer mode. The shaded areas represent the volt-seconds of »; and
vh.

voltage the integral simplifies to the product of pulse amplitude
and duty ratio (V - D).

With duty ratio control, the operation of the converter is then
divided into the inner mode and outer mode (see Fig. 4), which
is also described in [14]. To illustrate, Fig. 4 plots the idealized
voltage and current waveforms (Do = 0.5). The ZVS condi-
tions are summarized in the figure.

B. Inner Mode

The inner mode takes place when the phase shift is small and
means that the span of the voltage pulse 7/2 is within v;. The
inner mode occurs when |p| < ¢p, where g is the boundary
between the inner and outer mode:

™

2(1 — Ds). (6

¥B

In this mode the current waveform 41 (indicated in Fig. 3)

exhibits a double-pulse shape. As shown in Fig. 4(a), in the first

half period (¢ to t3) v; tends to increase the inductor current

while v/z tends to decrease it. If D5 is controlled according to (5),

the voltage-time integrals of v and v4 applied to the inductor L
are equal from %y to t3, that is

1 [t , T VaDs
- —vh)dt = — V1 —
L/ (v~ vz) 2L< o

where T is the switching period. This is represented by the two
shaded areas in Fig. 4(a). The difference between the inductor
current at the start and end of the half cycle is equal to zero.
Furthermore, since the inductor current is symmetrical, (that is,
11(t 4+ 0.57") = —i;1(t)), together we have

{il(tg) —i1(to) = Aiy = 0,
i1(ts) = i1 (t1 + 0.5T) = —iq(to).

>:0:Ai1 7

(®)

Solving the above equation gives
i1(to) = i1(t3) = 0. 9)

Therefore, in the idealized circuit the V7 -side bridge is critically
zero-current switched (ZCS).

For the V5>-side bridge, switching occurs at t1,t2,t4 and ts.
On the basis of (9), the current at the switching instants can be
determined

.
i1(t1) = j(w + ¢B),

Vi
ir(ts) = i(sa—gaB). (10)

Because |¢| < ¢p and the current is symmetrical, we can con-
clude that

Z'l(tl) > 0,’i1(t4) = il(tl + OST) = —il(tl) < 0;
i1(t2) < 0,41(t5) = i1(t2 + 0.5T) = —i1(t2) > 0.
11

Therefore, the ZVS conditions are confirmed.

C. Outer Mode

The right-outer mode (¢ > ¢p) and left-outer mode (¢ <
—p) occur when the phase shift is large. For Fig. 4(b), the an-
alytical expressions for the current at the commutating instants
are calculated to be

, V;
i1(to) = —wLbz(S@ - vB),
. Vi
i1(t) = E(@ - ¢B),
V;
in(t2) = —- (¢ + ¢B). (12)

Because of the symmetry and the condition ¢ > ¢p, we have
il(to) < 0, 21 (tg)

il(tl) > 0,i1(t4)
il(tg) > 07i1(t5)

il(to + 05T) = —il(to) > 0;
il(tl + OST) = —il(tl) < 0,
ir(ts + 0.5T) = —iy(t2) < 0. (13)

Therefore, the ZVS conditions for both V7 - and V5-side are met.
For the left-outer mode shown in Fig. 4(c), the same procedure
applies and the conditions can also be verified.

Provided that the volt-second product of v; is equal to that
of v}, ZVS conditions are automatically achieved in the outer
mode. In general, the switching condition is better in the outer
mode than in the inner mode.

D. Power Flow Calculation

In the DAB converter, without duty ratio control the power

flow is given by
(-
T

where ¢ is in radians, showing a nonlinear dependency on the
phase shift.

AL

nwl

P (14)
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Fig. 5. Power flow versus phase shift in the DAB converter.

With the proposed duty ratio control method, the power flow
is calculated to be

2 X
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It is interesting to find that provided the transformer turns
ratio is chosen according to (4) and the duty ratio is controlled
by (5), the power flow for operation in the inner mode is a linear
function of phase shift, while the power flow expression in the
outer mode is nonlinear and complicated. Fig. 5 plots the power
versus phase shift at different duty ratios. Due to the duty ratio
control, less power is transferred at a given phase shift compared
with that with only phase shift control.

III. THREE-PORT TOPOLOGY

A. TAB Converter With Duty Ratio Control

The proposed duty ratio control method is not ideally suited
for the two-port DAB converter because it does not guarantee
ZVS over the full range of operation (only critical ZCS in the
inner mode). However, ZVS conditions can be achieved in the
three-port TAB converter.

Fig. 6 shows the topology of the converter for fuel cell
and supercapacitor applications and its simplified model with
bridges replaced by voltage sources. This configuration is
identical to the TAB converter described in [11]. Conceptually,
the circuit can be viewed as a network of inductors driven by
voltage sources with controlled phase shifts. The power flow
in the system is controlled by the phase shifts. The transformer
is represented by a A-equivalent model to facilitate the system
analysis [11]. The magnetizing inductance is neglected to
simplify the analysis.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 2, MARCH 2008

With the proposed duty ratio control method, ZVS conditions
may be achieved over the entire phase shift region. The volt-
ages of the fuel cell and the load are assumed to remain con-
stant because the load voltage V1 .4 is regulated and the fuel cell
is supposed to operate at constant power hence at a near-fixed
operating voltage Vrpc. However, the supercapacitor operating
voltage varies widely. Duty ratio control is applied to the su-
percapacitor side. Since the fuel cell and load side voltages are
near-constant, we have

(16)

The transformer turns ratios, as indicated in Fig. 6, are chosen
according to (in case of all full-bridges)

& _ VLoad

_ N2 e = Vs _ Vscmin
N1 Ve’

N1 Ve

T2 3 )

where Vsc min 1S the minimum operating voltage of the super-
capacitor; V1,0.q and Vpc are the voltages of the fuel cell and
the load, respectively. Then, D3 is controlled by

VSC min

Do =
? Vsc

(18)
where Vg is the supercapacitor operating voltage. The primary-
referred amplitudes (peak values) of the voltages presented to
the transformer and inductor network, as indicated in Fig. 6(c),
are (for a full-bridge circuit) given by

VLoad Vsc

Vi = Vi, Vs = Vi =< (19)
N9 ns
Therefore, the following is true:
ViDy = V4{Dy = V{Ds. (20)

Hence, the volt-second products of the three voltages applied to
the corresponding transformer windings are equal. The reason
why the converter is soft-switched lies in (20). This is explained
as follows.

B. Analysis of ZVS Conditions

Thanks to the A-model representation, the system analysis
is significantly simplified [11]. The three-port model is decom-
posed into three two-port models. The idealized operating wave-
forms of the TAB converter are illustrated in Fig. 7. Note that
the waveforms vary with the operating point.

The ZVS condition for each bridge depends on the magni-
tudes of the currents at the switching instants. This is summa-
rized in Fig. 7, in other words, negative currents at the v1, v}, and
v} rising edges and positive currents at their falling edges. Ac-
cording to the definitions of the reference direction in Fig. 6(b),
the instantaneous currents in the three branches are given by

) = ina(t) — iz (£),
i (t) = ins(t) — ina(t).

i5(t) = 31 (t) — i2a(t)- 1)



TAO et al.: TRANSFORMER-COUPLED MULTIPORT ZVS BIDIRECTIONAL DC-DC CONVERTER

& [port2
i P,
Ipy Load Load
[
P 1 L2 iz JB} J VLaud l
— : ' =c R
irc ipy N, le T H t
P =
FC Vi Jé} Jg} L Jq} Jﬁ} Load
T £ I~ | Power Flow
) T;, - I » N & Pori3
ue 1
Cell J J e ip3 isc Psc
L I ™ T
Prc=Py s |7
PL(md: 'PZ .]V'3 V3 l - "‘: CSC
Psc=Ps3 S
! R uper
J J q} capacitor
(@
il in, P i’ Refelrence
O s
o5z “
i |
\}’2 1 ! f Vz :
O3, 7D, ! [0
> . i |
| |
v | " ; [ >
»J"a ”D?’Zﬂ' I_A.I|
|
(b) ©

775

Fig. 6. TAB converter for fuel cell and supercapacitor application, showing (a) the TAB topology, (b) the primary-referred A-equivalent model, and (c) voltages
generated by the three bridges shifted with (1> and 15 with v as the reference. The angles « and 3 are defined for control purposes. The currents ¢}, ¢5 and the
voltages v}, v} represent the primary-referred values of 72, 73, v2 and vs, respectively.

Based on the analysis of the two-port topology, 731 and 793 will
be exactly equal to zero at the switching (commutating) instants
of vy and v}, under idealized conditions (both-inner mode), i.e.,

i31(to) = t31(ts) = 0,
i23(t1) = i23(ts) = 0.
The voltage vy (fuel cell side) switches at o and ¢4, while at

these two instants ¢3; equals zero. Therefore, the current of the
fuel cell side bridge at the switching instants is

(22)

i1(to) = t12(to) — 131(t0) = %12(t0),
i1(ts) = i12(ts) — i31(ts) = i12(ta).

So, 7231 does not contribute to the ZVS condition of the bridge
nor does it make the switching condition worse. The turn-off
current of the bridge is only determined by 415 in the case shown.
Because Vpc is assumed to be equal to Vioaa/m2, the fuel cell
side bridge is switched at zero-voltage in the entire phase shift
region, as the optimal case (d = 1) in the DAB converter [9].

An equivalent situation occurs at the load side bridge. For the
supercapacitor side bridge, it switches under better ZVS condi-
tions than the fuel cell and the load side bridges because both
193 and 731 contribute current to drive the soft-switched transi-
tion, as can be seen at to, t3,ts and ¢7 in Fig. 7.

For comparison, without duty ratio control hard-switching
occurs at both the fuel cell and the load side bridge, as shown in
Fig. 7 (dashed lines).

(23)
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Fig. 7. Idealized steady-state operating waveforms of the TAB converter
with and without duty ratio control in both-inner mode (D3 = 0.5,¢12 =
0.17, 13 = 0.057, L1p = Lag = L3i1).

Similarly, other operating modes such as a combination of the
inner and outer mode, or both-outer mode can be analyzed based
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Fig. 8. Control scheme for the three-port TAB converter. V7', ., and P, are the references for the output voltage and the fuel cell power, respectively.

on the results from the two-port topology. All of them switch
under better ZVS conditions than the both-inner mode opera-
tion because all the three currents 712,723 and 737 contribute
to soft-switching at the switching instants, based on the anal-
ysis of the two-port converter. In brief, provided that the current
through each branch satisfies the ZVS condition, the combined
current in two branches certainly assures ZVS operation. The
worst case happens when both ¢15 and ¢13 equal zero. No real
power would be transferred in this situation and two of the three
bridges would be switched at zero-current in the ideal circuit.

In summary, because of the combination of currents in the
three bridges, the proposed duty ratio control is effective in
achieving ZVS in the three-port TAB topology. In the practical
circuit the MOSFET drain-source capacitance and the magne-
tizing inductance of the transformer have to be considered. The
MOSFET capacitance requires a minimum turn-off current and
it reduces the soft-switched operating region. On the other hand,
the magnetizing inductance will increase the soft-switching re-
gion and it compensates for the impact of the MOSFET capac-
itance [10].

IV. CONTROL STRATEGY

A. DSP Control Scheme

A three-port system implies multiple control objectives. The
proposed control scheme aims to regulate the output voltage
VLoad and fuel cell power Ppc simultaneously. This strategy
allows the load voltage to be tightly regulated, at the same time
preventing load transients from affecting the operation of the
primary source.

According to Fig. 6(c), there are three control variables,
namely @12, @13 and Dj. Fig. 8 shows the DSP-based control
scheme. The proposed control scheme has two PI (propor-
tional-integral) feedback loops. The output voltage Vioaq is
regulated by ¢12. The fuel cell power Prc is calculated by the
multiplication of the measured voltage V¢ and the average
current Ipc, where the latter is obtained through a low-pass
filter (LPF). Regulation of ¢13 keeps the fuel cell power at the
desired value. The adjustment of D3 achieves ZVS. Since the
supercapacitor voltage varies very slowly compared with the
switching frequency, the duty ratio is nearly constant during
many switching cycles.

Note that the control of D3 is not intended to regulate the
power flow. If the phase shifts were kept unchanged, the power
flow in the system would vary when D3 changes (see Fig. 5).
In closed-loop operation, however, the power flow can be kept
unchanged since the controller automatically adjusts the oper-
ating phase shifts in response to the change of the supercapac-
itor voltage. The change of the duty ratio D3 may be viewed as
a very slow disturbance to the control system.

The regulation of the fuel cell power is realized by a digital
PTI algorithm instead of feedforward control as proposed in [16].

For the implementation of the control scheme it should be
noted that @13 is not adjusted directly. Instead, as defined in
Fig. 6(c), shift angles « and 3 are calculated by the DSP. They
are found to be

™
o = P13 — §(I—D3)

™
B =13+ 5(1 — Ds).

(24)

Note that the supercapacitor power is not controlled directly.
The supercapacitor sinks or sources the balance of power be-
tween the fuel cell and the load automatically. An SOC manager
monitors Vg¢. For instance, when the supercapacitor voltage ap-
proaches the maximum or minimum limiting voltage, the SOC
manager slightly adjusts the fuel cell power reference. In this
way the control circuit is capable of charging or discharging the
supercapacitor with an average current

Isc = —(Pp& — Proad — Pross)/Vsc (25)

where Igc is the average discharging current, Pif is the power
reference given by the SOC manager, and P, is the estimated
total system loss.

B. System Modeling

To design the controller parameters for closed-loop opera-
tion, the small signal transfer function should be derived first.
However, the conventional state space average model is not ap-
plicable for phase-shifted converters because the switching fre-
quency is a possible control variable.

Averaged over one switching cycle, the DAB converter can be
viewed as a dc current source whose amplitude is controlled by
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Fig. 9. Average model of the TAB converter.

the phase shift [14]. Based on this approach the linearized small
signal average model of the TAB converter can be derived. As
shown in Fig. 9, the converter is modeled as three controlled
dc current sources. Their amplitudes are controlled by the two
phase shifts. The current source functions can be derived from
the power flow equations as follows.

In the TAB converter the current at each port (ip1, ips and
i p3 [see Fig. 6(a)] can be averaged over one switching cycle. Let
us denote the average values of ¢ p1,2p2 and ¢ p3 by Ip1, Ips and
Ips, respectively. They are functions of the two phase shifts, and
are given by

P,
Ip1 =fi(p12,013) = ch
P
Ipy = fo(p12,13) = v - p
P
Ip3 = f3(<.012,9013) = WBC (26)

For an idealized three-port system, Ip3 is redundant because
Ips = _(IPIVFC + IPQVLoad)/VSC - Py, P> and Pj5 are func-
tions of @19 and ¢13. Note that D3 is not regarded as a variable
in the above equations because it changes very slowly and is not
used to control the power flow. With the A-model the power
flow at each port is a combination of power flow through two
associated branches [see Fig. 6(b)]

Py = Py — Psy,
Py = Py3 — Pyo,
Py = P31 — Pas. (27

Now the average current at each port can be obtained. The cur-
rent source functions are nonlinear (because the power flow
equations are nonlinear except for the inner mode) and thus
should be linearized at the operating point for a control-oriented
model. The factors of this linearization are derived by partial dif-
ferentiation

ol ol
Gll = a(,é:z ) G12 = a(plzz )
Q Q
ol ol
G = 5 PLL L Gy = 22| (28)
P12 Q 8§013 Q

where Q = (9120, 130, D3,) denotes the operating point. For
example, for D3 = 1, by using (14), (26) and (27), the linearized

=

Load

[k |

<
Fl [

Fig. 10. Control loop block diagram of the TAB converter.

form of the average current at each port can be obtained

\% 2
Gy=———— <1 — —|p130 — <P12o|>
7127L3(/.)L23 s
Vi 2
— 1—— ol 1,
nawlig < 7r|<P12 |>
V- 2
Gpp= ——— (1 — =130 — <P12o|> ;
TL27’L3LUL23 ™
Vs 2
Go = 1-— o )
21 nawlis < 7r|9012 |>
V- 2
Gy = —— (1 - —|¢130|> : (29)
TL3(UL31 s

Similarly, for D3 different from 1, (15) can be used to calculate
the small signal gain according to a given operating point; how-
ever, the expressions will be more complex. We can write the
small signal gain of the TAB converter in matrix format

[{P2:| _ [Gu G12} {@12} -G [9512}
Ip1|  |Gar Gao| [P13| % |¢13
where G,, denotes the gain matrix of the TAB converter.
Fig. 10 shows the control loop block diagram of the TAB
converter, where Kry = 1 and Kps = 1 are the feedback
gains and Ky = m/3750 is the gain of the DSP phase shift

modulator. G (s) and G.o(s) are the transfer functions of the
PI controllers

(30)

1+ 7ms

T1S

1+ 79s

T2S5

Gei(s) = Ky ,Gea(s) = Ko 31

where K1 = 1 and Ky = 50 are the proportional gains and
71 = 0.5 ms and 75 = 0.2 ms are the time constants. The
block with gain “-1” is due to the definition of the reference
direction of ¢ po in Fig. 6. The block with gain “Vpc” is needed
because that the power is equal to the average current times the

port voltage. H(s) is the transfer function of the LPF which
filters out ac components in ¢pc

(32)
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Fig. 11. Bode plot showing the open-loop gains of the system.

where 77 = 1 ms is the time constant of the filter. H(s) is the
transfer function of the output capacitor and load (supposed to
be purely resistive)

Ry,

Hy(s) = — L
2(8) 1+ R;CpLs

(33)
where Ry, is the resistance of the load and C7, = 50 uF is the
capacitance of the output filter capacitor.

For the TAB converter the main control variables @12 and @13
control the power flow in the system. In other words, two de-
grees of freedom are available for the system control. Not sur-
prisingly, the two PI control loops are coupled and influence
each other as can be seen from Fig. 10. The bandwidth of the
output voltage control loop G'v,,, (s) is set higher than that of
the power control loop G'p,,,, (s) in order to guarantee a fast re-
sponse to variations in load. In this manner the interaction can be
minimized. One can regard the former controller as the master
and the latter as the slave. This decoupling method is straightfor-
ward to implement. Fig. 11 plots the open-loop Bode plot of the
two control loops, showing different crossover frequencies. The
plotted transfer functions, using the parameters given above, are

Gv,,(s) = —Krpa Ky Gi1Ha(5)Gea(s),

GPW]B(S) = KFIKJMVFCGZQHI(S)Gcl(s)- (34)

A further improvement would employ a decoupling network
that eliminates the interaction effects. In theory, the decoupling
matrix D is the inverse matrix of the TAB converter gain matrix
G, (ie,D = G;1) [12].

C. Methods for Soft Start-Up

Over-current at start-up is a drawback in both DAB and TAB
converters. For instance, in the DAB converter the load side ca-
pacitor is charged from zero at start-up, while the source side is
atits normal operating level. As a result, the current waveform is
triangular having a high peak value. Furthermore, the load side
bridge is hard-switched during this stage.

An easy way to avoid the over-current is to control the duty
ratio of the source side bridge during start-up. Meanwhile the
load side bridge is uncontrolled, effectively being a rectifier. By
increasing the duty ratio gradually from zero to a certain value
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with open-loop control, the load side capacitor can be slowly
charged to an operational level. Then, the closed-loop control
takes over to regulate the output voltage. Note that the load
should be disconnected from the output filter capacitor during
the start-up procedure. For the TAB converter, the same pro-
cedure applies. A second method is to operate the converter at
a higher frequency during the start-up. Because the impedance
of inductor becomes higher at a higher frequency, the current
is limited. In addition, a buck-boost start-up procedure for the
TAB converter was discussed in [19].

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

The TAB converter and its control scheme were simulated
with PSIM. Parameters for the simulation are listed in Table I.
Note that the fuel cell and load side bridges were implemented
with half-bridges because they operate in square-wave mode.
Fig. 12 shows the simulation waveforms of the voltages and cur-
rents in the three bridges in the cases of (a) a large (D3 = 1)
and (b) a small (D3 = 0.5) duty ratio. As can be observed from
Figs. 12(a) and 12(b), all the three bridges are soft-switched.
On the contrary, in Fig. 12(c), without duty ratio control hard-
switching occurs in two of the three bridges and the peak cur-
rent is also much higher, where the operating parameters are the
same as in the case of Fig. 12(b).

To verify the dual-PI-loop control scheme, Fig. 13 illustrates
the power flow in the system in closed-loop operation, showing
the step changes in the load power Pp,,4 (between 1 and 2 kW)
in a time interval of 10 ms, while the fuel cell power Prc re-
mains constant after the transitions.

It is advisable not to set the duty ratio D3 less than 0.5.
Otherwise the higher peak current will decrease the efficiency.
The minimum supercapacitor voltage can be set to half of the
rated/maximum voltage, i.e., a minimum duty ratio of 0.5. From
the energy point of view, three quarters of the energy storage
capacity of the supercapacitor is utilized because the energy is
proportional to the square of the terminal voltage.

B. Experimental Results

The first laboratory prototype was rated at 1 kW maximum
power at 20 kHz. The switching frequency is restricted by
the resolution of the digitally implemented phase shift. It can
be increased when using an analog controller, a DSP with
high-resolution PWM output (e.g., TMS320F2808 DSP) or
techniques such as dithering. A polymer electrolyte membrane
(PEM) fuel cell with a maximum power 1 kW and a 145 F
supercapacitor with a rated voltage of 42 V were used as the
generator and storage, respectively. The fuel cell and load
side bridges were implemented with half-bridges, and the
supercapacitor side bridge was a full-bridge. Power MOSFET's
were used as the switching devices for all the bridges. In the
experimental prototype, the inductances are somewhat higher
than the ones in the simulated circuit.

Fig. 14 (D3 = 1) and Fig. 15 (D3 = 0.5) show the mea-
sured voltages v1,v2 and vs generated by the bridges and the
currents 41, 22 and 3 through the transformer windings. It can
be observed that the peak current is high when the duty ratio is
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TABLE 1
SYSTEM SIMULATION PARAMETERS
Description Symbol Value
Fuel cell voltage Vrc 54V
Load side dc voltage V5oad 400 V
Supercapacitor voltage | Vsc 21 Vtod42V
Transformer turns ratio | Ny : No : N3 | 5:38:4
Inductance L1 1.2 uH
Inductance Lo 65 uH
Inductance L3 0.73 uH
Switching frequency fs 20 kHz
2.00k Prc
1.50K - - - .
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Fig. 13. Simulation results of the power flow control in response to step
changes in the load.

Fig. 16. The current (power) delivered by the fuel cell remains
unchanged after the transients and the load variations are
compensated for by the supercapacitor.

A second prototype rated at 3.5 kW and 100 kHz switching
frequency using all full-bridges was also successfully tested
[20]. In this case the control scheme was implemented with the
TMS320F2808 DSP (using high-resolution phase shift).
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Fig. 12. Simulation results of the TAB converter at ¢, = 0.17 and p13 =
0.057, showing soft-switching with duty ratio control at (a) D3 = 1 and (b)
D; = 0.5, and (c) hard-switching when not using duty ratio control at the
supercapacitor side. Note that all waveforms are referred to the primary and the
current waveforms are scaled.

small. Because of soft-switching, in both operating conditions
the waveforms are clean and free of ringing.

Furthermore, system power flow control in response to a
pulsating load under the closed-loop operation is illustrated in

VI. DISCUSSIONS

In fact, fuel cells have a reasonably wide operating voltage
depending on the output power. A duty ratio control method like
the one for the supercapacitor can be applied to the fuel cell side

Vsc min
Vsc

VFC min
Dy = ———,

Dy =1
Vic 2 '

D3 = (35
where Vpe min 18 the minimum operating voltage of the fuel
cell. The transformer turns ratios are then chosen according to

the minimum operating voltages, i.e.,

N2 _ VLoad _ N3 VSCmin

N2 _ L ong =3 YsCmin 3¢
N1 Vrcmin N1 Vpcmin

Nog = ns
It is possible to extend the three-port topology to an /N-port
topology—a multi-active-bridge dc—dc converter. According to
the proposed method, the transformer turns ratios are chosen
according to the minimum operating voltages at the ports
Ny :Np:ooo: NN = Vimin : Vomin ¢

crel VN min (37)
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Fig. 14. Experimental results of the TAB converter at 1> = 0.17, 13 =
0.057 and D3 = 1, showing (a) the voltages generated by the bridges, and (b)
the currents through the transformer windings.

where V1 min, Vomins - - -5 VN min are the minimum operating
voltages. The duty ratios are controlled with respect to the port
operating voltages

_ Vl min

D _ VN min
1 — ’ ’ ’ .
Vi Va

VN

(38)

If the converter is controlled in this way, ZVS conditions for
all the switches over the full operating region are theoretically
achieved. The worst case is the critical ZCS. The advantage of
the proposed duty ratio control method is that only a single di-
vision is needed to calculate the duty ratio.

VII. CONCLUSION

Sustainable energy generators such as fuel cells and storage
like supercapacitors have a wide operating voltage range and
therefore present optimization challenges for power converters.
Neither the DAB nor the TAB converter can operate with soft-
switching over the full operating region when the input voltage
varies over a wide range. In addition to the primary power flow
control that is achieved by phase-shifting the bridges, a simple
and effective duty ratio control method has been proposed. Es-
sentially, the latter aims to keep the volt-second product at each
transformer winding equal. By adjusting the duty ratio of the
voltage presented to the winding inversely proportional to the
port dc voltage, ZVS conditions are achievable over the full op-
erating range.

The application of this control method in a fuel cell and su-
percapacitor system has been analyzed. Duty ratio control is ap-
plied to the supercapacitor bridge and, if required, to the fuel
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Fig. 15. Experimental results of the TAB converter at 1> = 0.17, 13 =
0.057 and D3 = 0.5, showing (a) the voltages generated by the bridges, and
(b) the currents through the transformer windings.
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Fig. 16. Experimental results of the closed-loop power flow control of the TAB
converter with the dual-PI-loop control scheme in response to step changes in
the load.

cell bridge to handle voltage variations while maintaining ZVS.
The system was modeled and a DSP-based dual-PI-loop control
scheme was described in detail. This control scheme is straight-
forward to implement. The closed-loop simulation and experi-
mental results of a 1 kW prototype validate the effectiveness of
the converter and control strategy.
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