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The Short-Time-Scale Transient Processes in
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Bidirectional DC—-DC Converters
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Abstract—This paper discusses the short-time-scale transient
processes in an isolated bidirectional dc—dc converter with phase-
shift control. The deadband effect on the steady-state and transient
commutating process are analyzed. The current variations caused
by phase-shift errors at the boundary conditions are simulated and
validated through experiments. The concept of “‘energy deadband”
is introduced to describe those specific transients where no energy
flows from source to load or load to source. A set of strategies
are proposed to increase the system robustness. Simulation and
experiments on a 200-V/400-V, 6-kW dc-dc converter prototype
validated these strategies.

Index Terms—DC-DC converter, deadband effect, high-
frequency transformer, phase shift, short-time-scale, transient
process.

I. INTRODUCTION

HE dc—dc converter is a key component in hybrid elec-
T tric vehicles (HEVs) to manage power flow and maintain
battery health. Electrical isolation may be required to provide
safe operation for the equipment operated on the hybrid battery,
such as in military applications. State-of-the-art isolated dc—
dc converters are generally based on single-phase full-bridge
topologies with isolation transformers [1], [2].

Fig. 1 shows a typical scheme of an isolated bidirectional dc—
dc converter, which consists of dual H-bridges located on the
primary and secondary sides of an isolated transformer, respec-
tively. The primary bridge consists of four switches, Q;, Qz2, Q3,
and Q4, which are commonly insulated gate bipolar transis-
tors (IGBTs) for high-power applications. The second H-bridge
also consists of four switches, Q5, Qg, Q7, and Qg, which are
connected to the secondary winding of the transformer. With
a phase-shift control algorithm, the first H-bridge provides a
square wave with duty ratio of 50% to the primary winding of the
high-frequency transformer. The voltage of the secondary wind-
ing has a finite phase-shift angle from the primary voltage so as
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Fig. 1. Isolated bidirectional dc—dc converter system in an HEV.

to transfer energy from the source to load or vice versa [3], [4].
In this process, the transformer’s leakage inductance serves as
an instantaneous energy storage component.

The previous works on the full-bridge dc—dc converter mainly
focused on the topology [5], [6], control strategies [7], [8],
and macroscopic modeling methods [9]-[12] based on clas-
sical control theory. The microscopic short-time-scale transient
processes, such as deadband effect and phase-shift error, have
not been studied in detail. These phenomena are very important
in real-world applications of modern power electronics [13],
and have been discussed largely in dc—ac inverters [14], [15].
Although various deadband compensation techniques were pro-
posed for inverter applications [16], [17], no similar research
has been reported for isolated bidirectional dc—dc converters.
Phase-shift error, or more generally, the error of pulse time se-
quence, is another important issue in the closed-loop system
control, i.e., the real pulse applied to the devices may have a
large deviation from the intended one, and therefore, cause the
current to oscillate [18].

In traditional unidirectional dc—dc converters, the power rat-
ings are generally low, and the switching frequency is relatively
high (for MOSFET or SiC, turning on and off processes are
both in the nanosecond level) [19]-[23]. Therefore, there is,
generally, no need to deal with deadband effect. However, in
high-voltage and high-power isolated bidirectional de—dc con-
verters, the deadband and phase-shift error will greatly affect
the operation of the converter, both in steady-state and transient
processes. These issues generally deteriorate the operational
performance, or even damage the system under some specific
switching conditions because of large unexpected current and
voltage spikes.

This paper discusses the effect of deadband and the influence
of phase-shift error. It also discusses the energy flow during the
deadband and introduces a definition of “energy deadband.” A
set of strategies was simulated and relevant experiments on a
200-V/400-V, 6-kW prototype supported the study.
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Fig. 2. Deadband effect on the primary voltage waveforms. (a) Experiment

results. (b) Simulated results.

II. SHORT-TIME-SCALE TRANSIENT PROCESSES
A. Voltage Variation During the Commutation Process

In full-bridge converters, in order to avoid shoot through of
the bridge during commutation process, a deadband is inserted
between the interlocked switches in the same bridge. Deadband
is very crucial to guarantee the reliability of high-voltage and
high-power converters.

In this study, the prototype converter is rated at 200 V/400 V,
6 kW with switching frequency of 10 kHz. The IGBTs of the
primary H-bridge are rated at 65 A and the inherent deadband
is 4.5 ps. The secondary bridge is rated at 30 A and the inherent
deadband is 2.2 us.

Although the deadband guarantees the safe operation of the
system, it will cause waveform distortion and other unexpected
short-time-scale transient processes, as shown in Fig. 2.

In the deadband, the polarity of output voltage depends on
the current direction, which is called the deadband effect. Dur-
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ing the deadband, all of the four semiconductors in the primary
H-bridge, Q1-Q4, will be turned off. The common assumption
is that the current direction remains the same in the deadband.
However, if the inductor current changes direction during this
interval, the output voltage of the bridge will change polar-
ity. Therefore, the variations in the primary voltage shown in
Fig. 2(a) will appear. Simulation shown in Fig. 2(b) validates
this analysis. The variations in the primary voltage are caused
by the change of current direction during the deadband. Sim-
ilar phenomenon also existed in a three-level dc—ac inverter
when the current has a large variation [18], which makes the
traditional deadband compensation difficult to implement. In
real-world applications, this variation will not deteriorate the
system operation, but frequent variation of voltage waveforms
may bring electromagnetic interference (EMI) and other issues.

B. Phase-Shift Error at the Boundary Conditions

The phase-shift between the gate signals of Q; and Q5 are
generated by a microprocessor, a DSP, or a microchip such as
UC3875. In practice, it is found that a small disturbance on
the phase-shift angle will cause the inductor current to oscil-
late near the boundary conditions, as shown in Fig. 3(a). This
abrupt variation will ultimately affect the safe operation of the
power switches. In the following analysis, the turns ratio of the
transformer is 1:n, the transformer primary voltage is V;, DT
is the phase shift between the two bridges, D is the duty cycle in
one-half period T, I is the current of the equivalent leakage
inductor of the secondary winding, and V5 is the output voltage.
The experimental waveforms of the current variations are shown
in Fig. 4, where channel 1 is V;, channel 2 is V5, and channel 3
is the primary current.

Theoretical analysis shows that the output power is [7]

nVi Vs

P=nWiT=
" 2stS

D(1 - D). (1)

The initial and maximum inductor current for V5 > nV; is

. 1
1
= — —2D
Z.max = 2wL5 [_(77 - 2¢)?’L‘/1 + ‘/277]
= —|-nV; +2D .
4f8L5[n1+ nVl-i-VQ]>0
Define m = V5 /nV, then
. nVi
max — 2D —1]. 3
The maximum inductor current for Vo < nVj is
‘ nV;
max — 2D —11]. 4
b = 372D+ m 1] @

Phase-shift error is defined as the difference between actual
phase shift generated by the microcontroller and the intended
phase shift calculated by (1). Assume that the actual phase shift
is D; and the calculated one is D. There is a phase-shift error
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Fig. 3. Operation modes of phase-shift control under different output voltage.

(@ Vo =nVi.(b) Vo >nVi.(c) Vo <nVi.

AD = D; — D;y. With the intended phase-shift duty ratio D,
the variation of the maximum current is

_ imax (D 4+ AD) — e (D) 2AD
A max = - , - =
fmax % imax (D) 2D + [m — 1]
Q)
whenm =1
AD
AZ.max %o = —. (6)

D
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Fig.4. Pulse sequence when current varies near nV; = Va.(Channel | — V1,
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Under light-load conditions, D is relatively small accord-
ing to (1). In the present prototype system, when P = 400 W,
Dy =0.0025; when P = 10 kW, Dy = 0.067. The percentages
of AD are 40% and 1.5%, respectively. That means the current
variation because of phase-shift error is more severe for light-
load conditions than for heavy-load conditions. Equations (5)
and (6) show that the boundary condition (m = 1) is the most un-
stable operating region, especially under light-load conditions.
During transients where the system shifts fromm < 1tom > 1,
large current variation will appear because of phase-shift error.
Simulation results are illustrated in Fig. 5, where the dotted line
is the inductor current and the solid line is the voltage drop of
the inductor.

Therefore, the phase-shift error is generated in the process
of implementing the control algorithm and aggravated by the
peripheral circuit under specific conditions.

It can be seen from Fig. 5 that only at the boundary con-
ditions, where V5, = nVi, the current varies abruptly. In order
to determine the cause of the phenomenon, we need to con-
sider the short-time-scale transient processes, in particular, the
oscillations of inductor voltage. The details of switching pro-
cess are shown in Fig. 6, where G; stands for the gate signals
of Qq and Qq4, G, for Qs and Q3, G3 for Q5 and Qg, and G4 for
Qe and Q7.

Without the deadband, the time sequence of the gate signals
should be the following.

1) Q; and Q4 are turned on with QQ; and Qg turned off

simultaneously.

2) After a phase shift DTy, Qg and Q; are turned off with

Q5 and Qg turned on.

Q1 Qs

—ON DT's — ON

Q4 Qs
Q2

— OFF — % OFF.

Q3 Qr
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Fig. 5. Current waveforms under different operation modes. (a) V1 = 200V,
Vo =380 V.(b) Vi =200V, Vo =420 V. (c) V1 =200V, Vo =400 V.

However, because of the deadband, the time sequence of each
gate signal is changed to the following:

@, dhQ
Qs R Q4

where db; and db, are the deadbands in the primary and
secondary H-bridges, respectively. First, Q, and Q3 are turned
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(a) Details where current is small in Fig. 5(c). (b) Details where current is
large in Fig. 5(c). (c) nV; = V2 when P = 400 W.
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A

(b)

off. After a time interval equal to dby, Q; and Q4 are turned
on. After a time interval A, Qs and Q7 are turned off. After
dbs, Q5 and Qg are turned on. Therefore, the time sequence
with deadband is different from the time sequence without
deadband. In order to clarify the actions of gate signals, we
define the phase shift as the interval of G;(Q; and Q4) and
G3(Qs5 and Qg). In Fig. 6(a) and (b), after dby, there is a dif-
ferent phase-shift error AD between the rising edge of G, and
the falling edge of G4. AD = 0° for Fig. 6(a) and AD = 3° for
Fig. 6(b).

InFig. 6(a), A D is zero. Only one pulse appears in the primary
voltage for 1 s that is caused by the deadband. In Fig. 6(b), AD
is 3°, and two pulses appear subsequently in the primary voltage.
These errors are caused by PI parameters, calculating precision,
or other peripheral disturbance. Although the error is not large,
at low-power condition, this error could be comparable to D,
which will cause a significant current variation. Some possible
solutions will be discussed in Section IV.

The energy flow during the phase-shift interval is illustrated
in Fig. 7. In the deadband, the whole H-bridge behaves as a
rectifier. As a result, the energy could not be bidirectional. The
voltage output is determined by the direction of current, and the
dc bus (or the secondary) is charged. Under this condition, the
system is in an undefined state.

Since the primary and secondary are equipped with dif-
ferent IGBTs with different current ratings, the deadtime of
the two H-bridges may be different. In our system, the pri-
mary bridge is SKS30FB2CI07V12, whose maximum rat-
ings are 850 V/65 A with an inherent deadtime db; =5 us.
The second bridge is 800 V/65 A with an inherent dead-
time dby = 3 us, i.e., dby > dby. These deadbands are set
inherently, which could not be changed by the peripheral
control circuit. If the load is very light, there will be an-
other extreme condition, as described in Fig. 6(c). Under this
condition, the time sequence of gate signals changes to the
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during interval A . (b) Energy flow during interval dbs. (c) Energy flow during
interval Ao .

following:

Q2/Qs OFF 21 Qq/Qr OFF 22 Q5/Qs ON 22 Q;/Q, ON
= )

That means, at some conditions, the turning off of Qg can lead
the turning on of Q5; thus, the energy flow will be different.

Here, db;y = Ay + dby + As. The energy flow diagram is
illustrated in Fig. 8. It can be seen that there is always an over-
lap region where no energy flows from one side to the other.
Energy flows only from the transformer to the two dc sides, as
illustrated in Fig. 8 (b). In this condition, the energy stored in
the leakage inductance will be consumed very quickly, and the
current will remain at zero, which causes the oscillation of volt-
age across the leakage inductance, as shown in Fig. 6(c). This
region could be defined as energy deadband, where energy flows
from the inductance evenly to the primary and secondary sides
of the converter in the deadband zone under specific operating
conditions. No energy is transferred during this interval. Such
a switching mode is very similar to the discontinuous mode in
nonisolated buck or boost converters.

Energy deadband is a special phenomenon in isolated bidi-
rectional dc—dc converters. The condition for this phenomenon
to happen is light load with a small phase-shift duty ratio D,
and different deadband settings for the primary and secondary
bridges. Within the energy deadband, the transformer leakage
inductance behaves as the energy supply, and the original power
supplies serve as loads. Energy in the leakage inductor will be
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From (8), if and only if power P is larger than some specific
value, then the deadband influence will disappear, as illustrated
in Fig. 9. This deadband compensation shift ¢4, will limit the
advantage of advanced control algorithms in high-voltage and
high-power converters where a large deadband is designed to
guarantee the reliability and safe operation of semiconductor
switches.

IV. SOLUTIONS TO MITIGATE THE DEADBAND EFFECT AND
PHASE-SHIFT ERROR

A. Control Algorithm Improvement

In the experimental setup, the control algorithm is a PI-based
phase-shift voltage feedback control, as described in (1) and
Fig. 3.

1) Feasibility of Deadband Compensation: Deadband com-
pensation is very prevalent in inverter design to compensate the
voltage distortion caused by the deadband. Most of the deadband
compensation practices have to detect the direction of current
and assume that during the deadband, the current will not change
direction. In bidirectional dc—dc systems, current changes direc-
tion very often. The change of direction brings challenges for
the deadband compensation.

2) Hysteresis for the Phase-Shifting Angle: In closed-loop
voltage control, a simple PI can be used to control the phase-
shift angle. A hysteresis can be set for the sampled voltage. If
the voltage is within the hysteresis, the command signal is set to
zero, as shown in Fig. 11. The PI modulator stops integration and
will maintain the present output value. When voltage exceeds
the hysteresis, the command signal is set to 1 to resume the
PI control. This will erase the phase-shift error but sacrifice
the sensitivity. It will also cause the static errors for the output
voltage.

B. Hardware Improvement

1) Match the Turns Ratio of the High-Frequency Trans-
former: Inorder to design a 200-V/400-V isolated bidirectional
dc—dc converter, the turns-ratio of the high-frequency trans-
former is not necessarily 1:2. In fact, a turns ratio of 1:2 will
bring current variations when m = 1 under light-load condi-
tions, as shown in Fig. 12, where V; =200 V, V, =400 V.
Simulations show that a turns ratio of 1:1.5 to 1:1.8 can en-
sure a sufficiently large phase shift to limit deadband effect and
phase-shift error.

2) Design of Leakage Inductance: To reduce the influence
of phase-shift error, it is necessary to increase the leakage induc-
tance L,. A larger leakage inductance will improve the system
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robustness. Under the same output power, a larger L, requires a
larger phase-shift angle according to (1) and (6). A larger D will
decrease i(ty), as shown in (2). If i(¢y) changes from positive
to negative, then the deadband effect will disappear, as shown
in Fig. 10. The stability of output current can also be main-
tained. To validate these concepts, the test platform utilizes two
series-connected transformers, as well as a single transformer
in series with an additional inductor to increase the leakage in-
ductance. In the case of two transformers in series (both the
primary windings and the secondary windings are in series con-
nections), the transformation ratio n is not changed, while the
leakage inductance is doubled since these two transformers are
identical.

It can be seen from Fig. 13(a) that with a single high-
frequency transformer, the current has long-term oscillations.
In Fig. 13(b) and (c), because of the increase of leakage in-
ductance, the current oscillations by the phase-shift errors are
suppressed.

However, the leakage inductance limits the maximum output
power Py, . according to (1). Therefore, in practice, the leakage
inductance should be designed to satisfy both system robustness
and output power requirements.

In summary, the following design approaches can be adopted
to mitigate phase-shift error.

1) Find the feasible range for the inductance with the selected
turns ratio 1:n under steady-state operation by satisfying
Pax and I, with n slightly less than V5/V.

2) During control algorithm design, use the hysteresis con-
trol method discussed in Section IV-A to decrease the
possibility of phase-shift error.

3) The selection of inductance is further optimized through
simulation by confining the voltage oscillation in an ac-
ceptable range, with a possible lowest inductance from the
initial range.

V. CONCLUSION

The deadband effect and shift error are two important factors
that affect the operation and control of high-voltage and high-
power converters. Short-time-scale transient processes such as
deadband effect and phase-shift error must be addressed prop-
erly in the design of high-voltage and high-power converters.
Deadband effect is more significant in high-power and high-
voltage dual-active-bridge (DAB)-based isolated bidirectional
dc—dc converters than in conventional low-voltage and low-
power converters. The relationship between power and phase-
shift angle is affected by deadband. The effects of phase-shift
error can be mitigated through design, control, and selection of
a proper inductance. Improvements of the software and hard-
ware design can increase robustness of the system, and move
the operation mode away from the boundary condition, which is
the most unstable operating region. As another short-time-scale
transient, the “energy deadband” concept is defined to describe
the condition where no energy flows from source to load or
load to source, but only from the leakage inductance to load and
sources.
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