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A dual half-bridge (DHB) bidirectional dc-dc converter is
a new proposed topology that has the advantages of decreased
number of devices, soft-switching implementation, low cost,
and high efficiency. Typical applications of this converter
are the auxiliary power supply in fuel cell vehicles and
battery charging and discharging systems where the power
density, cost, weight, and reliability are critical factors. A
switching-frequency-dependent state-space averaged model of
the converter is developed here for either direction of power
flow. This averaged model can be used to derive the steady-state
characteristics and small signal dynamics of the proposed
topology. It also provides a fast simulation tool to investigate the
transient response of the converter. The simulated waveforms of
the mathematical model are compared with the detailed circuit

simulation to verify the accuracy of the modeling.
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I.  INTRODUCTION

Fuel cell technology is a prospective candidate to
replace the widely used internal combustion engines
in traditional cars or conventional batteries used in
today’s electric vehicles and to become the primary
power source for the next generation hybrid electric
vehicles. Because of the lack of an energy storage
function in the fuel cell, it is required to have a
relatively large dc-dc converter for an auxiliary energy
storage application. Fig. 1 is a block diagram of the
fuel cell power bus and energy management system
in a hybrid electrical vehicle. The battery voltage is
usually selected as 12 V for compatibility with the
majority of today’s automobile loads. The system
operation is to have the 12 V battery derived power
to boost the high voltage bus up to 288 V during
starting. Then this voltage is provided for the fuel
cell compressor motor expanding unit controller and
to bring up the fuel cell voltage, which in turn feeds
back to the high voltage bus to release the loading
from the battery. In addition, regenerated power from
the traction motor is absorbed by the battery.

For such a fuel-cell energy system application, the
functions of this dc-dc converter are two-fold: first,
to boost the high voltage bus to a desired voltage
before the fuel cell can generate power; and second,
to store the regenerative power from the traction
motor drive. Full bridge bidirectional dc-dc converters
with soft-switching [1-4] are considered a suitable
choice for the above application because of their
capabilities to handle bidirectional high power and
reduce switching loss. Recently, a new soft-switched
isolated bidirectional dc-dc with dual half-bridge
(DHB) was introduced in [5]. Compared to full bridge
counterparts, it has half the component count for the
same power rating with no total-device-rating penalty.
In addition, unified zero-voltage-switching (ZVS) is
achieved in either direction of power flow without
any additional components. Therefore, a minimum
number of devices are required in the circuit. Also
the design has less control and accessory power. All
these new features allow efficient power conversion,
easy control, lightweight and compacted packaging.
However, the advantages of the proposed DHB
converter are obtained at the expense of increasing
the order of the system. Therefore there is a need to
study the dynamics of this high order system.

In the literature, the research on the soft-switching
full bridge bidirectional dc-dc converters has been
restricted to circuit topologies and steady-state
analysis [1-4]. Although circuit simulation based
on Pspice-like software can offer cycle-by-cycle
performance, it is inconvenient and time-consuming
to study the long-term dynamic behavior such
as the start-up performance. Nor can it provide
information of poles, zeros, and the gain of the
converter around the operating point to design the
controller. The goal of the work presented here is
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to develop the mathematical model for the proposed
DHB bidirectional dc-dc converter to study the
dynamics and design the controller. In Section II,

the basic operation principles of DHB are described
briefly to help understand the large-signal operation
of the converter. The detailed description of the circuit
can be found in [5]. Section III concentrates on the
derivation of a generalized state-space model for either
direction of power flow by using averaging method
similar to “alternor concept” [9-10]. A simulation
model based on averaged model is also presented.
The simulated waveforms of open-loop system are
compared with the detailed circuit simulation to verify
the accuracy of the modeling. A 1.6 kW prototype
has been built. The output characteristics have been
measured and compared with simulation results to
verify the averaged model further. In Section IV

the steady-state characteristics are derived from the
averaged model and proved to be consistent with that
derived from circuit analysis of Section II. In addition,
a small signal model is developed and the transfer
functions of the converter are presented in Section

VI. A controller is designed to make the system

have satisfactory dynamic performance for fuel cell
applications.

II.  CONVERTER DESCRIPTION

Fig. 2 illustrates the DHB converter topology
and the commutation waveforms in boost mode.
ZVS is achieved by operating the two half-bridges
with a phase shift. This operation allows a resonant
discharge of the lossless snubber capacitances of
the switching devices and each device’s antiparallel
diode is conducted before the conduction of switching
devices.

Since the operation has been described in detail
in [5], we only emphasize the circuit operation that
is significant for the development of the averaged
model. Fig. 3 is the primary-referred equivalent
circuit. The current i, and voltages v, v, are the
primary-referred transformer current and capacitor
voltages. All the switches are considered to have
instantaneous turn-on and turn-off. The circuit
operation uses the transformer leakage inductance as

Block diagram of fuel cell power bus and energy management system.

an interface and energy transfer element between the
two voltage-source half bridge converters: low voltage
side (LVS) and high voltage side (HVS) half-bridges,
so replacing the transformer with a leakage inductance
L, in Fig. 2 simplifies circuit analysis. R, and R,

can be regarded as collective resistance of the inner
resistance of voltage sources/or load resistances,
inductor resistance, transformer resistance, and
switch-loss equivalent resistances of LVS and HVS.
Fig. 4 presents the voltage and current waveforms

of the transformer during one switching period. The
circuit is operated with dual active half-bridge, which
can be shown from Fig. 4. In fuel cell applications,
when power flows from the LVS to the HVS, the
circuit works in boost mode to keep the HVS voltage
at a desired high value before fuel cell can generate
power. In the other direction of power flow, the circuit
works in buck mode to absorb regenerated energy.
Based on the idealized waveforms in Fig. 4, there are
four operation modes in one switching cycle, and the
transformer current i, of each mode can be calculated
as follows:

Mode I: i, = (v, +v,)0/wL, +i(0)

Mode Il: i, = (v, —v)(0 — &) /wL, +i (¢,)

Mode III: i, = (=v, = v )0 —m)/wL, +i.(m)

Mode IV: i, = (—v, +v,)(0 — 7 — ¢,)/wL, +i,(7 + ;)

ey

The current initial conditions can be solved using the
boundary conditions of

i.(0) = —i.(m)
i,(6)) = —i (7 + y).
The initial conditions of i, are solved in (2)

v+,

. _ V3=V, _

i(0) = 2wl (m=¢1) 2wl 1

L) = vzl:L?% +LE0
i,(r) = —i,(0)

i (m+¢p) = —i.(¢)).
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Fig. 2. Soft-switched bidirectional half-bridge dc-dc converter. (a) DHB converter topology. (b) Commutation waveforms and switching
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Boost —»
Buck +——

St vi iR Cl 53; Vi I | R
ST
— —_ T
Re i L ? v U ? Viz Co V.
S2
W % wre s ’LIC“

Low Voltage Side High Voltage Side

Fig. 3. Primary-referred equivalent circuits.
Further, the output power can be found to be

1 1
B e Op |0 -D) - g
B T, B 4rwLg

F,

T, is the period of the switching frequency, V,, is
the V, in boost mode and V; in buck mode, and
D = ¢, /2m. The output power (output voltage)
can be regulated by phase shift angle ¢,, duty
cycle D, and switching frequency w. If D = 50%
is assumed, then the output power equation can
be simplified further as
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Because of the symmetric property of dual active
half-bridges, the operation principles of boost mode
and buck mode are the same except the polarity of
phase shift angle, which can also be shown in Fig. 4.
Therefore a generalized averaged model is possible to
be developed for both modes.
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Ill.  STATE-SPACE MATHEMATICAL MODEL
DEVELOPMENT AND VERIFICATION

A. Mathematical Model Derivation

The state variables of the proposed converter are

chosen to be the inductor current i, transformer
current i,, and the capacitor voltages v,, v,, v;, and
v,, which are defined in the circuit of Fig. 3. It is
noted from Fig. 4 that state variables v,, v,, v;, and

v, vary slowly with time, also does i, if enough large
inductance is selected, while the state variable i, varies

quickly with time. The dynamical system thereby
consists of a fast variable and a slow subsystem. By
applying the averaging method, the slow subsystem
can be dealt with as a time-invariant (dc) nonlinear
model.

To analyze the behavior of the fast variable i,
the other slow state variables can be treated as dc
constants. From a system point of view, only the
average of the fast state variable has effects on the

slow state variables. Therefore, the averaging model
of the slow subsystem is obtained by substituting the

fast variables by their moving average into the slow

subsystem. The similar idea has also been described in

[7-10].

From Section II, we know that the converter
is operated as dual active half-bridges and there
are four operation modes during one switching
cycle. Therefore two switch functions S, and S, are
introduced in Fig. 5, which corresponds to the gate
signal of LVS switches and HVS devices,
respectively.

With the help of switching functions, the state
equation of the slow state variables is described by

iy =D, — iRy —S,(v, +v)1/Ly,

b =8, /C,+Si,/C,

b, =i (1-5,)/C,+5,i,/C,

Dy = [—(vy + v, —v)/R, — C,d(vy +v,)/di]l(1-5)/C,  (5)
+[i, — (v; +v, —v)/R,—C,-d(vs +v,)/d1]S,/C,

by = [(—i, + (vs +v, —v)/R, —C, -d(v, +v,)/dD)] -(1-S,)/C,
+[—(vy + v, —v)/R,—C,-d(vy +v,)/d1S,/C,

where C, =C, =C,, and C; = C; = (.

This equation describes all the operation modes
of one switching cycle in Fig. 4. The next step is to
calculate the integration of fast variable i, in [0,¢,],
[¢, 7], [7, 7+ ¢], [T + ¢,27], respectively based
on (1) and (2). Then substitute the above results and
switch functions S, and S; into (5) to calculate the
moving averages of the slow variables shown in (6),

I . T
_ [t [T vde
llavg - ]; ’ vlavg - ];
[ vyt [ vyt ©)
v2avg = T ’ v3avg = T
s s
T,
[ vt
Viavg = T

s

The state-space averaged model of DHB converter is
derived as follows:

0 0
—¢,(m—¢)) —0,(m—9))
conl conl

(62 + 6, (r— d) + (r— 6)?] =6, (m— )+ —¢,)? Ilave

- R, 1 1
e - de 2de 2de
i
lavg 1
— 0 0
2C/]
Viave 1 &+ (r—9))? —0 = (=9,
2C/] conl conl
VZavg = (D% +2(1>1(W7(Dl) (D%
0 con2 con2
vy [62 +(r —6,)?1C [62 + (r— 6, 2IC,
3avg + 1 1 o _ M 1 o
con3 con3
L (¢, —m)(r —3¢,) (m—¢,)?
L “Vg_ 0 con2 con?2
[¢] + (= ¢,)’IC, (62 +(r — ¢,)%IC,
L —_— + —
con3 con3
1
e °
0 0
SN
1 vV
0 C R K
t s
1
0 CR

conl conl Viay
avg
—[¢? + 6, (x — )] 2+, (r—o)) V) ave
con2 con2
2 2 2 2 Vaave
62 +@—¢)?IC, 1 Jlre-epe, )
con3 CR, con3 CR, davg
(&, — ™26, ) —(, —mQ2, —)
con2 con2
2 +@—0)C, | 67 +(r—¢,)°1C, 1
con3 C.R; con3 C.R, -

(7
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where conl = CpTw-2wL, con2 = C,T.w - 2wL,,
con3 =C,CTw-2wLg, and C, = C, +2C,.

According to the circuit analysis, v, = v, and
v3 = v, exist when D = 50%. Equation (7) can be
further simplified as a third-order state equation in
8)if D =50%

5 _ Rb . 1 1

lavg = _L_dcllavg - TdCVIZan + L_chh

. _i. . 2¢1(7_¢1)

V12avg - Cpllavg Cp];w K ZWLS 34avg

. _ 2¢(m—¢y) 2 N 2
Vidavg = mvuavg - mv34avg mvs

@)
where v12avg = Vlavg + v2avg’ and v34avg = v3avg + v4avg'
This is a generalized averaged model for either
direction of power flow. In boost mode, for example,
v, =0, R, is the load resistance, R, can be zero or a
small inner resistance of v,, and phase shift angle
¢, is positive. In buck mode, v, = 0, R, is the load
resistance, R, can be zero or a small inner resistance
of v, and phase shift angle ¢, is negative.

The averaged model can provide not only the
information of slow state variables but that of fast
variable i, as well. The envelopes of the ac current i,
in one switching cycle, which is shown in Fig. 4, can
be solved based on averaged model and (4).

B. Model Verification by Simulation Results

Since the state-space averaged model describes
the averaged behavior of the system and the detailed
circuit model presents the instantaneous performance,
the developed mathematical model can be verified by
comparing the simulation results with the averaged

values of those from detailed circuit model [11]. A
simulation block diagram of the converter based on
averaged mathematical model using Matlab/Simulink
is developed in Fig. 6. The detailed circuit model

is built using PSIM, a Pspice-like software. In the
following, a dynamic response of converter in boost
mode and buck mode is simulated, respectively, and
compared with those with detailed circuit simulation
to verify the model in both modes.

1) Boost Mode: A start-up process of the
open-loop converter system using a ramp input
voltage of 12 V is simulated under these conditions:
V, =12V, R, =0 ohm, D =50%, f, =20 kHz, L, =
5pH, Ly =030 pH, C, =C; =10 mF, C, = 169 mF,
V.=0V,and R, =0.27 Q.

These parameters are selected according to a
1.6 kW converter for fuel cell application. The
waveforms for i}, v;,(v; +v,), and v34(v3 +v,) of
the average model and detailed circuit model are
shown in Fig. 7 and Fig. 8, respectively, where
V4, are the primary-referred output voltages. The
simulation and verification of the fast variable is
demonstrated in Fig. 9. The comparison demonstrates
their similarity consistence in shape, frequency,
and average magnitude. The simulation time is
significantly decreased by using averaged simulation
model, which is another advantage of applying
mathematical model instead of using circuit model
to simulate the converter performance.

2) Buck Mode: Similarly, the dynamic process of
buck mode can also be simulated using this average
model. The simulation results are demonstrated
and compared with detailed circuit simulation in
Figs. 10-12, where V, in this case is the voltage across
resistor R,. The simulation conditions are defined as
follows. V, =0 V, R, =0.09 Q, D =50%, f, =20 kHz,
Ly =5pH, L;=0.5625 pH, C,=C;=10mF, C, =
OmF, V_12 V,and R, =1 Q.

C. Model Verification by Experimental Results

A 1.6 kW soft-switched bidirectional dc-dc
converter has been built and experimentally tested

C

Vb

v12
* l
+

Product

Gaing

Integrator2

L

v34

Product1

a23

theta
a32
Subsystem

Fig. 6. Simulation block diagram of average mode using Matlab/Simulink.
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Fig. 7. Simulation and comparison of i, in boost. (a) i; of
average model. (b) i, of detailed circuit simulation.

to validate the developed model. The prototype

is pictured in Fig. 13. The overall size is about
7.25" width and 8.5” in length. Fig. 14 presents
the output characteristics of the converter from O
to full output power under open-loop condition.
As indicated in the figure, the “*” trace is the
experimental result, the “o” curve is of detailed
circuit simulation and the “+” one is of average
model simulation. In order to compare three results,
all the outputs are converted to the secondary side
of the transformer in which the turns ratio is 1 :
13. The similarity of these three curves confirms
the validity of the average model. The difference
between the average model, detailed circuit model
and prototype can be explained as follows. The
average model assumes all switches and components
are ideal and that there are no losses in switches,
capacitors, the inductor or the transformer. PSIM
software package is used to simulate the detail
circuit, where the switches, capacitors, inductor,
and transformer are not treated in ideal cases.

The conduction loss of the switches and copper
loss of other components, and etc., is brought in
by defining the corresponding parameters in the
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(a) v, and vy, of averftge .mo.del. (t?) v, and vy, of detailed
circuit simulation.

device simulation models. The detailed circuit
model is therefore a better approximation of the
actual circuit and the efficiency will be lower than
that of average model. The difference between
the circuit model and the prototype is likely in
the higher device losses and magnetic losses in
the prototype due to the imperfect devices and
transformer models in detailed circuit simulation.
Thereby, the output voltage of average model is
higher than that of the detailed circuit model and
the detailed circuit model voltage is higher than the
prototype.

IV.  STEADY-STATE AND DYNAMIC ANALYSIS

The developed mathematical model can be used
to study not only the dynamics such as the above
converter start-up behavior, but also the steady-state
features and small signal dynamics of the converter,
which are shown as follows.
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Fig. 9. Simulation and comparison of envelope of i, in boost
mode. (a) Envelope of i, of average mode simulation.
(b) Envelope of i, of detailed circuit simulation.

A. Steady-State Characteristics

The steady state, i.e., nominal operating point can
be obtained by setting the following values in (8).
i1 =0,v5=0,v34=0,i,=0,v, =V, ¢, = ;.
Using boost mode as an example and take
D =50%, all the state variables at steady state are
calculated as follows:

Vm-<1>%~(7r—q)l)2-R

I, =

1 TS2~L?~UJ4

V12 =2Vin (9)
bV ® (=@ R

34 21wl

where @, is the steady-state phase shift. Therefore, by
controlling phase shift angle and switching frequency,
the output voltage is regulated. Substituting V, , 1,
and V3, into the power equations P, =V, -1, and

P, =v3,/R, it is easy to calculate the transfer power
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Fig. 10. Simulation and comparison of i; in buck mode.
(a) i, of average model. (b) i; of detailed circuit simulation.

of nominal operating point as follows

_ 28 (r—® )R

P =P 10

mete (2rwL,)? (10)
Equation (10) can also be represented as
V., @ -(r—9))-V,

po=p= 200 gy

2mwL

And V3, =V}, =2V, when D = 50%. Substituting
Vi, =2V, in (11), (11) becomes the same as (4) which
was derived from circuit analysis in Section II.

B. Small-Signal Model Analysis

With the generalized state-space averaged model,
the small signal model of the proposed converter
in boost mode and buck mode can be derived
respectively. However, the small-signal dynamics
of boost-type converter is more complicated than
buck-type converter due to the right half plane (RHP)
zero and depending on the operating point. The new
DHB converter in boost mode is therefore selected
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as an example to show the derivation of small
signal model and the corresponding transfer
functions. The analysis in buck mode can be
derived similarly.

1) Small-Signal Model Derivation: To account
for the variation of the load, a current source i, =
AG -v, is placed across the nominal load conductance
G as shown in Fig. 15. The averaged model,
taking account of the variation in load, is then
developed from (8)

P SN
1= 2L, V12 L Vin
b L, 209
27c,! CTLw-2wL
‘ ‘ (12)
"} — 2¢1(7T_¢1) v
#7(C, +2C)Tw-2wL, 2
2 ; 2,
(C,+2C,)R * C,+2C,"

Compared with (8), which is a unified averaged model
for both boost mode and buck mode, the derivative of

i) of (12) is missing the item “—Ry,i},4/Lg..” This

is because when the converter is operated in boost
mode, R, can be regarded as the inner resistance of
the battery, which is very small and zero at ideal case.
Therefore R, can be ignored in (12) to simplify the
derivation of small signal model. By introducing small
perturbations around the nominal operating point as
follows: v,, = V,, +~\7in, =P+ i, =040, v,=
Vi + Vig, Iy =1 + iy, v3y = Vau + \733, and choosing
(i1,V15,V34) as state variables, (v;,,¢;,i,) as control
inputs, and v;, as controlled output, and assuming that
Vin| < Vins [01] < Py, [Vip] < Vgs [Vag] < Vays iy | <y
The linearized small signal model can be derived as
follows

Iy 1
4 0 oL 0 -
dc il
K 1 0 2%, (7 —®)) 5
Viz | T C_p conl V12
K 20, (1 —®,) -2 V34
V34 con3 C.R
1
— 0 0
Ldc v,
—2(r —2®,)-V,,
0 conl 0 ?1
o r—2ep2y, 2| L,
con3 C,
5o=10 0 11[i, ¥, vayl”
(13)

where conl = C Tw-2wL, con3 = CTw-2wL,,
C =C,+2C,.

2) Small-Signal Characteristics of Open-Loop
Converter in Boost Mode: Equation (13) can also be
expressed as

% = A% + Bii
y=CXx
- 1 -
0 ——2de 0
Ao i 0 —2®,(mr— )
Cp conl
0 2@ (mr— @) -2
L con3 C.R ]
— 1 —
— 0 0
Ldc
B= 0 —2(r—2®,)- V3, 0
conl
0 2(r—2®)-2V,, -2
L con3 C |
C=[001].
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Fig. 13. Photo of prototype.

The transfer function matrix from input vector u to
output y can be obtained

v,(s) = C(sI — A)"'Bu(s)

= Ty (5)7,,(5) + Ty(5), (5) + Ty (5)i, (5).  (14)

280 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 40, NO. 1

400
300
=
[<+]
g
§ 200 1 ‘
é © * 1 experiment
© 100 : : " 0: detail circuit model
© +:  average model
0 : : H B :
6 10 14
Input voltage (V)
Fig. 14. Output characteristics comparisons.
A l
de-d *
~ c-de ~ = o
Vi converter Vo F6 CD l

Fig. 15. Linearized small signal model.

The circuit parameter values used to derive the
transfer functions are:

P=16kW, V, =12V, & =0.16r
R=036Q, L,=5uH, L ,=030uH
C,=C,=10mF, C,=169mF,  f =20kHz

T,(s), T,(s) and T;(s) can be calculated based on (14)
as follows

T,(s)

_ 031928480 x 10°
T 3+ 15.96452 +0.10008869 x 1085 + 0.159642401 x 10°
s = S

¢,(s)

(15)
_ 617.0485% — 0.342804 x 1065 + 0.6170484580 x 10'°
T 3+ 15.96452 +0.10008869 x 1085 + 0.159642401 x 10°

5,

Ty(s) = =
3 i(9)

—15.964s% —0.159642401 x 10°
$3 +15.96452 + 0.10008869 x 108s + 0.159642401 x 109

The control-to-output transfer function 7,(s)
is the most important transfer function to study
the dynamics and design the controller to allow
the converter to meet load regulation and transient
response specifications in boost mode. The root
locus plot of 7,(s) is shown in Fig. 16. The zeros
and poles are as follows: z1 =277.8 +3150.1i, z2 =
277.8 —3150.1i, p1 = —15.95, p2 = —0.007 + 3163.7i,
p3 =—0.007 —3163.7i.
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Fig. 16. Root locus plot of T,(s).
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Fig. 17. Root locus of compensated system.

The transfer function has two zeros in the RHP
and two poles very close to the jw-axis.

The distinct feature of small-signal dynamics
of boost-type converter is the RHP zero. For DHB
converter when the power flows from LVS to HVS,
it is in fact a high-order boost converter. Therefore it
repeats the inherent characteristics of boost converter.
From the root locus of T,(s), the open-loop converter
does not have much stability margin for the two
poles very close to jw-axis. However, this is not a
big concern because the model is derived based on
the assumption that each device is ideal and no loss is
taken into account. In fact, all the lossy components
will add more inertia to the system so the converter
is actually more stable than it is shown in Fig. 16.
In addition, a good controller will add more stability
margin.

3) Closed-Loop System Analysis: Based on the
derived small-signal transfer functions of (15), a

D44e? +0 0075 +d 305766

o}

;Z’
20

Fig. 18. Closed-loop model of small signal control system.

controller is designed to stabilize the system and to
reduce the effect of exogenous disturbances on the
system. The controller is obtained as

K(s+0.008 + 3160i)(s + 0.008 — 3160i)
(s + 1000)(s + 2000)

The root locus of the compensated system is shown in
Fig. 17.

The two zeros of the controller cancel the
effect of two nearly pure imaginary poles of the
uncompensated system. The two poles of the
controller ensure that the root locus does not go into
the right plane with a small gain, thus making the
system more stable. The transient response mainly
depends on the pair of poles. If K is selected as 0.44,
the poles are calculated as follows: pl = —160 +
947.5112i, p2 = —160 —947.5112i.

The block diagram of the control system is shown
schematically in Fig. 18. To estimate the system
performance, a simulation model of close-loop control
system is established in Fig. 19. The simulation
results are shown in Figs. 20-22, in which v, is
the primary-referred output voltage. The circuit
parameters of simulation model are defined earlier
in the paper. Fig. 20 plots the system performance
when the load changes from 0.36 ohm to 0.4 ohm
at t = 0.1 s. The reference input voltage is 24 V.

The input current i; decreases because less power

is required at lighter load if the same output voltage
is required. v;,, the voltage across C1 and C2, is
unchanged because it depends on the battery voltage
Vin» Which equals to 12 V and does not change in this
case. The overshoot of output voltage v, is less than
0.2%. Fig. 21 shows the output performance when

K. (s) =

phi outl

h 4

_ 2 +30008+2000000

Keis)

win

¥

wi2 w2

outz

phase shifl angle Wi
vaa i

outd

DC-DC CONVERTER

Fig. 19. Simulation model of small signal control system.
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Fig. 20. System response of load step change from 0.36 Q to

0.4 Q. (a) i; response of load step change (from 0.36 ) to
0.4 Q). (b) v, response of load step change (from 0.36 Q) to
0.4 Q). (c) vy, response of load step change (from 0.36 © to

0.4 Q).

the battery voltage v;, changes from 12 Vto 11 V

and the reference voltage remains at 24 V with the
load unchanged. v,, decreases from 24 V to 22 V
(which is not shown in the figure), and v;, drops less
than 0.03 V. Fig. 22 shows the dynamic response to a
change in the reference voltage. When the reference
voltage changes from 24 V to 25 V, the output voltage
follows the reference command in a short time with a
small overshoot.

The simulation results show that the designed
controller provides a satisfactory transient response
for fuel cell systems. However, the designed controller
is not the optimum one in terms of robustness. Other
advanced control algorithms can be applied to this
converter easily with the derived small signal model
and is beyond the scope of this work.
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Fig. 21. Output response of input voltage step change from 12 V

to 11 V.
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Fig. 22. Output response when reference voltage step changes

from 24 V to 25 V.

V. CONCLUSION

This paper is concentrated on developing a unified
state-space mathematical model in both boost mode
and buck mode for a new DHB bidirectional dc-dc
converter. The steady-state characteristics and dynamic
behavior of the converter in boost mode have been
derived based on the model. Those analyses of buck
mode can be derived similarly. The steady-state
characteristics derived from the mathematical model
are consistent with the one derived from circuit
analysis. It is also shown in this paper that DHB
converter of boost mode has RHP zeros and therefore
repeats the small signal dynamics of the boost type
converter. The mathematical model provides a fast
simulation tool to study the start-up performance,
stability and the transient response of the proposed
converter against load variation and changed battery
voltage. The optimum controller can be thereby
designed based on the derived small signal model for
both modes, which the authors are currently working
on.
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