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Abstract—Microgrid has been regarded by many researchers
as the fundamental building block for the next generation power
grid, where DC-DC converter plays a crucial role as the interface
between main DC bus, energy generation facilities, and energy
storage systems. Among many different topologies of DC-DC
converters, bidirectional isolated dual-active-bridge (DAB) con-
verter receives increasingly more attentions because of its many
merits, including allowance on bidirectional power flow, isolation
between power supply and load, and voltage level conversion.
However, as the control scheme used to regulate DAB converter
evolves, its output voltage and current could be roughly regarded
as constant, which implies the converter actually feeds a constant
power load (CPL). Nevertheless, because of its equivalent negative
resistance effect, CPL could introduce instability to the system,
causing output power to oscillate or drops to zero. This paper
comprehensively explains the impact of this negative resistance
effect, and, to cope with this problem, a nonlinear control method
called trajectory control based on the natural switching surfaces
(NSS) of DAB converter with extended-phase-shift (EPS) control
will be derived. To better demonstrate the advantages of using
trajectory control, a traditional linear controller, PI controller,
is implemented as a comparison. Finally, by comparing the
simulation results between traditional PI control and trajectory
control, it is found that the start-up stage for trajectory control
is much shorter than that of PI control, and the system stability
of DAB converter feeding CPL is improved.

Index Terms—Bidirectional full bridge DC-DC converter, tra-
jectory control, Phase-shift control, Transient-state.

I. INTRODUCTION

Dual-active-bridge (DAB) DC-DC converter plays a crucial
role in the realization of distributed power system because
of its many merits, including the bidirectional power flow
between the source and loads, primary and secondary current
isolation, and output voltage conversion by using phase-shift
control [1-6]. For instance, in an electric vehicle system, DAB
converters are usually used as the interface between the main
DC bus and the energy storage system composed of batteries
and supercapacitors. Compared to the traditional single-phase-
shift (SPS) control, more advanced control strategies, such
as extended-phase-shift (EPS) control, could improve overall
system efficiency [7]. The circuit topology of DAB converter
is illustrated in Fig. 1, where eight MOSFETsSs connected to the

Fig. 1: Circuit topology for DAB converter

high frequency transformer, named from S; to Ss, are used
to form isolation between primary side and secondary side,
and inductor L represents the transformer leakage inductance
[8-12].

Constant power loads (CPL) have been found to be common
in microgrid and electrical vehicle (EV) systems [13-16].
As the control methods on the converters evolves to achieve
constant output current and voltage, their output power will
roughly equal to constant [15]. Similarly, since the torque
applied on a motor is constant under steady-state condition, if
the speed of an EV is kept as approximately constant, it can
also be regarded as a CPL [15].

Unlike the resistive load (RL), a spacial property of CPL,
known as the dynamic negative resistance, introduces insta-
bility to the whole system. To cope with this issue, many
methods have been proposed. For instance, in [14], a study
has shown that traditional linear controller, is feasible to
sustain the system stability by adding networks of passive
components. However, the corresponding system efficiency
and simplicity are sacrificed. A nonlinear control strategy
called natural switching surfaces (NSS) has been proposed for
DAB converter under EPS control [17], but the CPL condition
was not mentioned.
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Fig. 2: NSS of DAB converter of buck mode

II. CONSTANT POWER LOAD WITH TRAJECTORY CONTROL
A. Constant power load characteristics

CPL phenomenon is common in mirogrid systems and
electric vehicles. For instance, if the speed of a motor is tightly
regulated with a constant torque, it will consume constant
power (CP) [15]. Furthermore, when converters on loads of
power system are tightly regulated, they can be regarded as
CPLs as well [16]. Nonetheless, compared to the resistive
load (RL) that has linear current-voltage relationship, CPL
can introduce instability to a system because of its unique
non-linear current-voltage relationship, which is also known
as the negative resistance [13, 16]:

di, d P, P, 1
— — ) = = 1
dv,  dv, v, M

v3 Repr’
where P,, v, and ¢, represent the output power, voltage and
current, respectively.

B. Derivation of natural switching surface of DAB converter
under EPS control

To derive the NSS of DAB converter under EPS control,
its small-signal model based on the inductor current 77 and
the ouput voltage vy would be necessary. According to the
switching cases of EPS developed in [7], the inductor voltage
vr, has six different values for EPS control of buck mode,
which are (Vi +v0), (Vin—20), —v0, (=Vin—20), (—Vin+v0),
and vg. The primary and secondary bridge voltage, v4p and
vc D, can be written as vap = s1V;, and vep = s2 V|, where
[s1, s2] have combinations as [1, -11, [1, 11, [0, 11, [-1, 1], [-1,
-1], and [0, -1], corresponding to six different values of v,
respectively.

Based on the small-signal model of DAB converter, the
system could be represented by the following differential

equations:
di 1 : ;
#:C—O(SQZL—LQ) ?)
di 1
% =17 (Slvvin - 52’00)

Define Vi, = ‘/in/v;"ef’ Von = 'UO/V;"ef’ iLn =
iLZO/%‘6f9 iOn - Z‘OZO/‘/ref, ZO - L/CO, tn - tfru and
fn = 1/(27/LCy), the small-signal model with normalized
system parameters can be expressed as [17]

3)

i = 2m (52— don)
(;thn =2m (Slvin'n - 32U0n)
Thus, by solving (3), the solution of the normalized inductor
current 77,, can be obtained,

irn =10 (0) — igns2) cos(27 frt)

1 dir,(0) . ‘ “4)
7 Zt: ) sin(27 fi,t) + ton S2,

where ir,,(0) is the initial condition.

Based on this solution, the six trajectories of NSS of DAB
converter under EPS control of buck mode could be expressed
as

. . 2
)‘(1—6) = (Vinns1 — UOn32)2 - (ZLn_(A—F) - Z0‘7152)

- innS1 — S2 2 + (LLn - i0n52)2
(Vi )

(&)

where each of the six trajectories of A(;_g) corresponds to
a circuit structure of six different modes, and i, (4_F)
represent the reference values for inductor current 7, at
steady-state operation for different NSS that are specified
to stabilize the desired operation frequency. The equation
that describes the trajectories in (5) are circles in state-space
plane whose radii depend on the output current 7¢,. Because
i0n, merely has significantly small variations at steady-state
operation, the radii of trajectories are regarded as constants.
A conceptual diagram of trajectories in state-space plane of
iLn Versus vg, is depicted in Fig. 2, where the trajectory of
steady-state operation is in green.

C. Definition on the Control Strategy

The waveforms and trajectory of DAB converter with EPS
control under steady-state operation are illustrated in more
details in Figure 3. Since the DAB converter under steady-
state operation with trajectory control and EPS control is
directly equivalent to that under EPS control, i5,4_r) could
be calculated by using time domain analysis [7]:

Vin(2Da + D1 — 1) + v

i A= —iL_D = AfL (6)
. . Vm(l — Dl) + ’00(2D1 + 2Dy — 1)
i B= —l[_E— Af.L @)
. . Vin(1 = D1) +v9(2Dg — 1
ir o= —irp = ( 1) +v0(2D2 )_ ®

4f.L

where D5 represents the phase shift between the primary side
voltage v4p and secondary side voltage vcop, as it shown
in Fig. 3(b). The name of this phase difference is based on
the convention in [7], where the duty cycle of primary side
voltage v 4 g is defined as D, for EPS control. To calculate the
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normalized values of i;,_4_p), the following equation could
be used:

) LZO
‘/re f ’

iy = (9)

The control scheme on the switching sequence for EPS
control operating in buck mode is defined as: Ay — Ay —
A3 = Ay — A5 — Ag. The switching actions from one state
to another only occur if iy, reaches its target value. However,
to avoid magnetic saturation on transformer, the magnitude
of iz, should also be limited. So, switching actions could
also occur if the customized limitations are reached. Because
these limitations interfere the natural operation of trajectory
control, it could result in having longer starting-up stage with
more switching actions.

D. Intersections between RL and CPL trajectories

Considering CPL, the output current g, in (3) should be
replaced by
ZoP
ion = — (10)

Von V;"ef

where P is the target output power. The trajectories of CPL
and NSS of six different modes are plotted in Fig. 4 with
intersections labeled, which indicate where the switching
actions occur if load is switched from RL to CPL and vice
versa.

IIT. SIMULATION RESULTS

To demonstrate the fast dynamic property of the proposed
trajectory control, the simulation results of DAB converter
under PI controller and trajectory control will be compared.
The parameters of the components used are listed here:
Vin = 80V, Vo = 40V, L = 150uH, C;, = Cy = 200uF,
and the transformer turns ratio is 1:1.

With the phase shift D; = 0.1, the simulation results of
DAB converter with PI controller is illustrated in Fig. 5,
where, in Fig. 5(a), the step signal represents when the load
is changed from 50W RL to 125W CPL. The time span for
the start-up stage is approximately 7ms, and, after the load
being changed from RL to CPL at 8ms, it fails to sustain
the stability, and the output voltage V|, gradually decreases
to 0. Finally, the output power equals to zero. In contrast,
as the simulation results of DAB converter with trajectory
control shown in Fig. 6, it only takes less than 1.5ms to
complete the start-up stage, which reveals the fast dynamic
property of trajectory control. Moreover, after the load being
switched from 50W RL to 125W CPL, the system stability is
sustained. Additionally, from the state-space plot in Fig. 6(b),
the trajectory control limits the trajectory of DAB converter
of steady-state operation to a dramatically small region, which
implies small output voltage ripple. Consequently, it has been
proved that the dynamic performance and system stability of
DAB converter under EPS control could be improved by using
trajectory control .
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(b) Current and voltage waveforms

Fig. 3: DAB converter with EPS control under steady-state
operation

IV. CONCLUSION

In conclusion, this paper has demonstrated the derivation
of NSS equations of DAB converter under EPS control. By
comparing to the use of traditional PI controller, the fast
dynamic response property of trajectory control for DAB
converter under EPS control, especially the time span of the
start-up stage, have been validated. In addition, it has been
noticed that this control strategy can also improve the system
stability and reduce steady-state voltage ripple.
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Fig. 4: NSS and CPL trajectories under different circuit structures of EPS
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Fig. 5: Simulation results of DAB converter of PI control with
load being switched from RL to CPL at 8 ms. (a) Waveforms
of output voltage Vp, the primary bridge voltage vap, the
secondary bridge voltage vop, inductor current 47, and the
switching signal (Step). (b) The state-space plane of vy, versus
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