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Abstract—Benefitting from some significant advantages, the dual
active bridge (DAB) dc—dc converter has become one of the most
promising candidates for dc—dc power conversion. In recent years,
some strategies have been proposed to boost the dynamic perfor-
mance of DAB dc—dc converter under the disturbance of input
voltage and load condition. According to the relationship between
the compensation part and the model-based part, these existing
schemes can be divided into two structures including the parallel
structure and series structure. In the parallel control structure,
the compensation part is added to the model-based part. In con-
trast, the compensation part is multiplied with the model-based
part in the series control structure. By adopting proper feedback
control, both control structures can provide excellent dynamic
performance for DAB dc—dc converter easily. Hence, the modified
parallel-structure fast-dynamic control scheme and the modified
series-structure fast-dynamic control scheme are both proposed
in this article. Then, using these two proposed schemes as exam-
ples, the merits and the demerits of both structures are analyzed,
and the corresponding compensation methods are also presented.
Moreover, a general PI design principle of the model-based control
scheme for the DAB dc—dc converter is provided, which is different
from the traditional concept for designing the PI parameters.
In addition, the control delay of these two proposed schemes is
analyzed, and a compensation method is also proposed. Finally,
simulation results and experimental results are obtained to verify
the analysis in this article and the excellent performance of the
proposed methods.

Index Terms—Comparison, control structures, dual active
bridge (DAB) dc—dc converter, dynamic response.

I. INTRODUCTION

ITH some merits such as high-power density, high ef-
ficiency, and excellent controllability, the dual active
bridge (DAB) dc—dc converter has become a promising solution
to the dc—dc power conversion [ 1], [2]. The DAB dc—dc converter
has been widely studied in the distributed generating systems [3],
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[4], the automotive applications [5], the energy storage systems
[6], [7], and the middle-frequency railway traction applications
[8]. Obviously, in these above applications, the DAB dc—dc
converter should be employed to deal with the change of in-
put voltage, load condition, and so on [9], [10]. Sometimes,
the pulsed power loads such as the radar, the sonar, and the
electro-magnetic may connect with the DAB-based system,
which expects more of the dynamic response performance [11].
Therefore, the robust and fast dynamic response is an essential
requirement for the DAB dc—dc converter in industry applica-
tions. In the past decade, there are lots of strategies focusing on
the improvement of the dynamic performance of the DAB dc—dc
converter [12]-[15].

In the beginning, some mature dynamic optimizing concepts
from the buck converters and boost converters are simulated for
boosting the dynamic performance of the DAB dc—dc converter
such as the current sensorless control concept [12], [13], [15],
the load-current feedforward control concept [16], and the direct
inductance-current concept [17], [18]. Generally, it is easy to ob-
tain the fast-dynamic response for the buck converters and boost
converters with the feedback of the input voltage. Nevertheless,
the dynamic performance under the change of input voltage is
usually neglectful. Based on these concepts, the existing control
methods for the DAB dc—dc converter are more focusing on the
change of load condition. Based on the current sensorless control
concept, the dynamic performance of the DAB dc—dc converter
can be boosted to some degree [12], [13], [15], but the limited
loop gain and the inaccurate converter model will restrict the per-
formance of these control methods because of some undesirable
factors such as measurement noises. With the feedforward value
of the load current, an energy feedforward scheme is proposed
to boost the dynamic response of DAB dc—dc converter by
considering the relationship between the phase-shift ratio and
the load current [19]. However, this relationship is simplified
in the controller system to reduce the complexity of control,
which makes the feedforward value inaccurate. Moreover, the
improvement of the dynamic response is restricted. Similarly,
a feedforward compensation strategy is presented for boosting
the dynamic response of the DAB converter under the load
disturbance [20]. Although the dynamic response of the DAB
converter can be improved significantly, this method lacks trans-
portability. Moreover, it is not suitable for the online continuous
control in digital controller since the lookup table is unavoidable.
Besides, based on the control of the peak value or valley value of
the inductance current, some dynamic optimization schemes are
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proposed for the DAB dc—dc converter [21]-[23]. In these exist-
ing peak/valley value controls of inductance current, the variant
phase-shift method is usually adopted for eliminating the dc
offset during the transient process. However, the improvement of
the dynamic performance sometimes fails without the feedback
of load current [22]. Therefore, by combining the knowledge
of load current, a direct inductance-current control scheme is
proposed for improving the dynamic response of the DAB dc—dc
converter [23], which can improve the dynamic response of
this converter significantly with the cost of two current sensors.
The adopted simplified converter model will also influence the
dynamic performance.

Without consideration of power losses, the power transferred
characteristic of the DAB dc—dc converter during the transient
process is verified to be the same as that at steady-state condition
for the first time in [24]. Based on this characteristic, a virtual
direct power control strategy is proposed in this article for the
DAB dc—dc converter, and the excellent dynamic performance
can be obtained under the change of input voltage and load
condition. However, the design principle of PI parameters is
not discussed. Then, based on this transferred characteristic of
the DAB dc—dc converter, some power-based control schemes
are extensively proposed for the DAB dc—dc converter with
excellent dynamic response [25]-[27]. Meanwhile, by adding
the control of inductance current, the dc offset of the induc-
tance current can also be achieved [27]. Moreover, some model
predictive control schemes are proposed to boost the dynamic
response of the DAB dc—dc converter [28]-[30]. By establishing
the cost function of the output voltage, the model predictive
control method is proposed to improve the dynamic response of
the DAB dc—dc converter under the change of load condition.
Since the relationship between the phase-shift ratio and the
transferred power of the DAB dc—dc converter is a one-to-one
correspondence, these existing model predictive controls may
bring a complicated control procedure. Moreover, the adopted
criteria equation is sensitive to the measurement noise, which
may make the predicative operation inaccurate.

Generally, according to the existing control methods for
boosting the dynamic response of the DAB dc—dc converter,
there are always two main aspects in the control diagrams includ-
ing the compensation part and the model-based part [19]-[27].
Then, based on the relationship between these two parts, the
existing schemes can be divided into two types of structures
including the parallel structure and the series structure. Ac-
cording to these two structures, the further classification of
the existing dynamic optimizing strategies will be shown in
Section II. The modified parallel-structure fast-dynamic con-
trol (MPSFDC) scheme and the modified series-structure fast-
dynamic control (MSSFDC) scheme are proposed for further
ensuring the excellent dynamic performance for the DAB dc—dc
converter. Then, based on these two modified schemes, the
advantage and the disadvantage of these two structures will be
presented. The corresponding compensation methods for omit-
ting the disadvantages of these two structures will be proposed
in Section III. Besides, the design principles of PI parameters for
these two modified fast-dynamic control methods are provided
in Section IV, which can be extended to another feedforward
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Fig.1. Waveforms of the SPS modulation method during the transient process.

control method for DAB dc—dc converter. Then, since there is
always a delay in the control system after the load resistor is
changed, the delay compensation methods are also presented
for these two structures in Section IV. Further, in Section V,
the simulation results and experimental results are employed to
verify these presented methods. Finally, Section VI concludes
this article.

II. PARALLEL-STRUCTURE AND SERIES-STRUCTURE
FAST-DYNAMIC CONTROL SCHEMES

In this section, a general modulation and control structure for
the DAB dc—dc converter is analyzed, which can be employed to
combine the phase-shift modulation method and the closed-loop
control method. Then, based on the relationship between the
compensation part and the model-based part, the existing model-
based control methods are divided into two groups including the
parallel-structure control scheme and the series-structure control
scheme. Moreover, the MPSFDC scheme and the MSSFDC
scheme are proposed for further boosting the dynamic response
when the input voltage and the load condition are changed.

A. General Modulation and Control Structure for the
DAB Converter

Without consideration of power losses, the relationship be-
tween the phase-shift ratio and transferred power or inductance
current of the DAB dc—dc converter during the transient process
is the same as that under steady-state condition, which is first
presented in [24]. The waveforms of the single phase shift (SPS)
modulation method during the transient process can be described
as shown in Fig. 1, and then the transferred power P can be
calculated as

1 [T
Pr = f/ Ue
Ts 0 n

Ts
9 Ts
(iL+AiL)dt :7/ ’ Upnirdt
T‘; 0

AiL Ts
=i} wdt
Ts 0 U ’
2 [ UinU,D(1 — D)T,
- = Uin' dt — inYo - K 1
TS/O ‘L oL M

where n is the transformer turn ratio, L is the middle ac induc-
tance, D is the phases-shift ratio, T is the switching period,
Ui, is the input voltage, and U, is the output voltage. As
shown in (1), since the dc offset of inductance current cannot
transfer the power from the input side to the output side with ac
voltage, the transferred power or inductance current of the DAB
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Fig. 2. Diagram of the general modulation and control structure for the DAB
dc—dc converter.

dc—dc converter is directly determined by the phase-shift ratio.
Moreover, when the phase-shift ratio is not changed again at
the new steady-state condition, the output voltages of two-side
H bridges cannot generate the dc current; so the dc offset of
inductance current will be consumed by the conduction resistor
in the flowing loop.

Therefore, the phase-shift ratio can be calculated as the trans-
ferred power or inductance current of the DAB dc—dc converter
and vice versa

S Vi ey
) 1 1, 2nLPp P 0 2)
: Tt oo (Pr<0).

Similarly, this transient characteristic can also be obtained
under other phase-shift modulations such as the dual phase
shift (DPS) modulation and triple phase shift (TPS) modula-
tion. Then, the power-level or current-level modulations can
be realized, and the middle inductance will not influence the
dynamic performance, which can be employed for obtaining a
fast-dynamic response. So, a general structure including phase-
shift based modulation and control for the DAB dc—dc converter
can be presented as shown in Fig. 2 [2]. Then, based on some
dynamic control methods, the desired transferred power or the
desired transferred current can be obtained. Besides, based on the
power-level or current-level modulation operation, these desired
values can be directly realized by the DAB dc—dc converter,
which is also suitable for other phase-shift modulation methods
such as DPS modulation and TPS modulation.

In addition, the transferred current iz of the DAB dc—dc
converter can be calculated as

. P
w=z%. 3)

Then, based on the SPS modulation method, the phase-shift
ratio of the DAB dc—dc converter can also be calculated by the
transferred current as

1 1 2nLirp .
Lo i-m (i >0)
pg PVITE @
ni .
-3 + 1 + U;DTT (ZT < 0)
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Fig. 3. Diagrams of the parallel-structure and series-structure dynamic
controls for DAB dc—dc converter. (a) Parallel-structure control. (b) Series
-structure control.

TABLE I
CLASSIFICATIONS OF THE EXISTING DYNAMIC CONTROL SCHEMES FOR
DAB CONVERTER

Categories Existing Dynamic Control Methods

1. The energy feedforward scheme [19];

2. The feedforward control method [20];

3. The inductance current control [22];

4. The simplified feedforward control [23];

5. The fast-dynamic control method with

Parallel-Structure Control

dc-offset current elimination [27];
1. The virtual direct power control [24];
Series-Structure Control 2. The dynamic and static performance

optimization method [25][26];

B. Parallel-Structure and Series-Structure Dynamic
Control Schemes

To boost the dynamic response of the DAB dc—dc converter,
there are some existing strategies such as load-current feed-
forward control method, inductance-current control method,
and power-based control method [19]-[27]. According to the
relationship between the compensation part and the model-based
part, these existing methods can be divided into the parallel-
structure group and the series-structure group. The parallel-
structure control diagram and the series-structure control dia-
gram can be presented as shown in Fig. 3.

As shown in Fig. 3, in the parallel-structure control, the com-
pensation part is added with the model-based part for getting the
outer-loop control value. By contrast, the compensation is multi-
plied with the model-based part for getting the outer-loop control
value in the series-structure control. Generally, the model-based
part is composed of measured input voltage and load current for
dealing with the disturbances on input voltage and load condi-
tion. Besides, the compensation part is employed to compensate
for the error caused by power losses and other uncertain factors
between the model part and the actual converter system. Then,
according to Fig. 3, the classification of the existing dynamic
control schemes for boosting the dynamic performance of the
DAB dc—dc converter can be shown in Table 1.
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Fig. 4. Diagrams of the basic PSFDC and SSFDC methods. (a) PSFDC
scheme. (b) SSFDC scheme.

As shown in Fig. 2, when the required transferred current
or transferred power is obtained, the DAB dc—dc converter can
realize these values based on the inner current-level modulation
or power-level modulation [2]. To boost the dynamic response
when the load resistor is changed, the load current can be
measured as the feedforward value for calculating the trans-
ferred current. Then, the excellent dynamic response can be got
when the load condition changes. In addition, since the input
voltage is used in the power-level or current-level modulation
for calculating the phase-shift ratio as shown in (2) and (4), the
disturbance of input voltage is contained, which can achieve fast
dynamic performance under the change of input voltage. So, the
existing virtual direct power control strategy [24] can provide
an excellent dynamic response when the input voltage or load
condition of the DAB dc—dc converter is changed, compared
with other existing dynamic control methods [19]-[23]. Select-
ing the transferred current i 7 as the middle value and combining
(4) and Figs. 2 and 3, the parallel-structure fast-dynamic control
(PSFDC) method and the series-structure fast-dynamic control
(SSFDC) method can be shown in Fig. 4.

In Fig. 4, it is obvious that the load current i, will bring
positive feedback. Then, if the output voltage deviates from the
desired value, the adopted load current will make the required
transferred current i 7 deviate its required value. Then, if the load
current is switched to the actual steady-state load current i*,,, the
control system will be more stable, and the actual steady-state
load current i*, can be calculated as

. Uy Ui,
o= 5 = U, (5)

Furthermore, by adding (5), the MPSFDC scheme and the
MSSFDC scheme can be elaborated as shown in Fig. 5.

Then, based on the proposed MPSFDC method and the
MSSFDC method in Fig. 5, the positive feedback impact caused
by the load current is shown in Fig. 4, where the load current is
adopted as the feedforward value directly, which can be elim-
inated. Moreover, the excellent dynamic control performance
can be provided for the DAB dc—dc converter when the input
voltage and the load condition are changed.
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Fig. 5. Diagrams of the MPSFDC scheme and the MSSFDC scheme. (a)
MPSFDC scheme. (b) MSSFDC scheme.

III. DISADVANTAGES AND ADVANTAGES OF THESE
TwO STRUCTURES WITH CORRESPONDING
COMPENSATION METHODS

In this section, a comprehensive comparison between the
MPSFDC scheme and the MSSFDC scheme is made, and the
disadvantages of these two methods will be highlighted. Then,
the corresponding compensation methods will be presented for
omitting these disadvantages, which will ensure the excellent
dynamic response of these proposed schemes.

A. Comparison of the Modified Parallel-Structure and
Series-Structure Fast-Dynamic Strategies

According to (4) and Fig. 5, in the parallel-structure or
series-structure methods, the circuit parameters including the
transformer turn ratio n and the middle inductance L are em-
ployed to calculate the required phase-shift ratio. Therefore, the
circuit-parameter dependence should be analyzed in case of the
inaccurate circuit parameters, especially the inductance value.
The inaccurate circuit parameters will influence the dynamic
performance of these two schemes. Then, combining (4), (5), and
Fig. 5, amiddle variable CPrcs, containing the circuit parameters
and outer-loop control values are used as

2nL(i. + U(j—z") (Parallel Structure)

CPTeqt = i
S kioUgilo
o

(6)

(Series Structure).

Assuming the adopted middle inductance is not accurate as
L', L' can be expressed by the accurate middle inductance L as

L' =kiL. 7

Then, when the steady-state condition is achieved, (6) can be
expressed as

2nL/(i'c + %) (Parallel Structure)

CPrest = KU
2nlL —igree
o

®)

(Series Structure)

where ', and k';, are the corresponding compensation values
under steady-state conditions. Combining (6), (7), and (8), the
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compensation value in the MPSFDC method can be expressed
as

. Uli, .
. Le + U, U;'Lo
7/ = - .

¢ kr U,

Since i, is close to zero with accurate circuit parameters, i’
can be further expressed as

1 Ui
| — — 1) =22,

e < kr ) U,
When the load resistor is suddenly changed, the load current
will be switched to i yew. Then, combining (7), (8), and (10), the

middle variable CPregp of the parallel-structure method with
inaccurate middle inductance can be further expressed as

Ugio kLU:ioncw
U, U,

Moreover, since i, is close to zero with accurate circuit

parameters, the middle variable CP.sp of the parallel-structure

method with accurate middle inductance can be further ex-
pressed as

(€))

(10)

CPTestP = 27LL[(1 — kL)

1. (1D

U; Z‘onew

CPTCStP = 2TLLTO

Combining (11) and (12), the error Ecprestp Of the middle
variable of the parallel-structure method with changed load

resistor can be calculated as

12)

UZ (ionew - io)
Uo

According to (13), when the middle inductance value is not
accurate, there is always an error of the middle variable Ecprestp
with the MPSFDC method when the load resistor is changed,
and the accurate required middle variable cannot be obtained
immediately. Then, the PI controller must compensate for this
error, and the dynamic performance of the MPSFDC scheme
will be affected. Thus, the dynamic performance of the MPSFDC
strategy is sensitive to the circuit parameter including the middle
inductance and the transformer turn ratio.

Similarly, combining (6), (7), and (8), the compensation value
in the MSSFDC method can be expressed as

K, = Mo
0 kL

When the load resistor is suddenly changed, the load current
will be switched to i,pevw. Then, combining (7), (8), and (14),
the middle variable CP.sg of the series-structure method with
inaccurate middle inductance can be further expressed as

klio ; .o kio ; .o
Kiolsio _ o, 1 FioUolo
Comparing (6) with (15), based on the MSSFDC scheme,
the dynamic response is not sensitive to the circuit parameters
including the transformer turn ratio and the middle inductance.
The PI controller will provide a proportional compensation for

eliminating the influence caused by the inaccurate circuit pa-
rameter as shown in (14). Moreover, even though there is a slow

Ecprestp = 2nL(1 — kz)

13)

(14)

CPTcstS = 2nLl (15)
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TABLE II
ADVANTAGES AND DISADVANTAGES OF THE MODIFIED PARALLEL-STRUCTURE
AND THE MODIFIED SERIES-STRUCTURE FAST-DYNAMIC STRATEGIES

Strategy Advantage Disadvantage

Modified parallel-

The loop gain of PI
structure fast-

. Sensitive to the circuit
. controller independent
dynamic control
method
Modified series-

structure fast-

X L. parameters.
with load conditions.

L The loop gain of PI
Immune to the circuit
. controller dependent
dynamic control

method

parameters. . .
with load conditions.

variation of inductance value caused by varying temperatures,
the corresponding compensation can also be provided by the PI
control timely.

In addition, in the MSSFDC scheme, the load-current value
will affect the gain of the PI controller since the output value k;
of the PI controller is multiplied with the feedforward value of
load current i,, and the required transferred current i can be
calculated by the voltage error e, as

i = (kiioeu + kpio(eu - eulast) + kiolastio)io
where eyas is the voltage error in the last switching period
and kjolast 18 the compensation value in the last switching
period. According to (16), when the DAB dc—dc converter is
at light-load condition, the load current will be very small,
which will affect the loop gain. Then, with a small loop gain at
light-load condition, the amplification of the output error of the
PI controller will be affected, which may influence the dynamic
performance of the modified fast-dynamic control scheme at
light-load condition. Moreover, under the MPSFDC scheme, the
required transferred current i 7 can be calculated by the voltage
erTor e,, as

(16)

1,U;
e 17
U A7)

o

it = kiey, + kp(eu - eulast) + lelast +

where ie1a5t 18 the last compensation value in the last switching
period under the MPSFDC scheme. According to (17), the load
condition will not influence the gain of the PI controller for
reflecting the voltage error.

Based on the former analysis, the advantages and disadvan-
tages of these two control structures can be concluded in Table II.

B. Corresponding Compensating Methods for Omitting
the Disadvantages

According to the analysis in the former part, the MPSFDC
scheme is sensitive to the circuit parameters, and the loop gain of
the MSSFDC strategy is influenced by the load condition. Thus,
the corresponding compensating methods will be presented for
eliminating these drawbacks.

For the DAB dc—dc converter, the circuit parameter can be eas-
ily obtained since the relationship among input voltage, output
voltage, load current, and phase-shift ratio is strictly determined
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R
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Compensation
1 iA)

Fig. 6. Diagram of the control loop gains of the MSSFDC method with or
without compensation.

by (1). Then, when the steady-state condition is obtained, the
approximate inductance Ly of DAB dc—dc converter can be
obtained as [31]

_ UwD'(1— DT,

L
E 2ni,

(18)

According to (18), the middle inductance L of the DAB
dc—dc converter can be estimated, which can ensure the dynamic
performance of the MPSFDC scheme. Moreover, in order to
improve the stable loop gain for the modified series-structure
fast-dynamic method, the PI parameters of the controller should

be expressed as
kim =7
kom = W

where ki, and kpy, are the modified PI parameters. Then,
combining (16) and (19), the transferred current based on the
modified series-structure fast-dynamic method can be further
expressed as

=

19)

T
s ©

*

ir = (kzeu + kpio(eu - eulast) + kilastio)io-

0. (20)

According to (20), the control loop gain k, for the voltage
error of the MSSFDC scheme can be shown in Fig. 6.
In Fig. 6, ki can be expressed as

U; U;
ki or k,7*
kg = { % "l

iU iU,
ki=g= or kp=5-

ith compensation
(w p ) 21

(without compensation).

Therefore, with compensation, the control loop gain of the
MSSFDC method can be stable, which may ensure the dynamic
performance at the light-load condition.

IV. DESIGN PRINCIPLE OF THE PI PARAMETERS AND THE
CONTROL-DELAY COMPENSATION METHOD

In this section, based on the SPS modulation method, the
design principle of the PI controller in the MPSFDC scheme and
the MSSFDC scheme is presented, which can also be employed
in another fast-dynamic control method with the feedforward
operation. Then, the control delay compensation is discussed,
which can be employed to reduce the potential output-voltage
disturbance.
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A. Design Principles of the PI Parameters for the Proposed
Fast-Dynamic Control Schemes

Since the DAB dc—dc converter can be treated as the first-order
model with capacitive characteristics, the phase margin is always
bigger than 45°. So, the DAB dc—dc converter with the PI-based
control system will be always convergent, and then it is not
easy to design the PI parameter directly [32]. In the MPSFDC
method and the MSSFDC method, the PI controller is employed
to compensate the error between the adopted model and the
actual converter system, and the dynamic response is mainly
dependent on the feedforward operation. Moreover, since the
phase-shift ratio and the transferred power or current of the
DAB dc—dc converter is a one-to-one correspondence, the output
voltage can be easily maintained at its desired value when the
input voltage and the load condition are changed. So, even
with higher PI parameters, the output voltage can keep at its
desired value with the output capacitor [28]. However, although
the oscillation of the output voltage can be easily avoided with
the output capacitor, there may be obvious disturbances in the
phase-shift ratio with measurement noise. Thus, the disturbances
AD,, of the phase-shift ratio caused by the measurement noises
should be treated as a criterion to evaluate the stability of the
DAB dc—dc converter. Assuming the rated transferred current
is iTr, and according to (4) and Fig. 5(a), the phase-shift ratio
disturbance AD),, of the MPSFDC scheme can be expressed as

~ 1 _ 2nLitr
ADP ~ V 4 UinTs
. 1 2nLlirr+(kit+kp)Uomn]
4 UinT’s

(22)

where U, is the measurement noise of output voltage. Ignor-
ing the higher minimum term in (22), k; and k,, can be expressed
by the limitation of phase-shift ratio disturbance AD iy as

ADP min UinTs 1 2nLiTR
nLUornn 4 UinTs .

Then, based on the proposed MPSFDC method, the require-
ment of the integral parameter k; is limited, and the relatively
large proportional parameter k,, can be employed to compensate
the control delay. So, k; can be designed as the tenth of k,, and
(23) can be further expressed as

(ki + kp) <

(23)

k< ADpminUinTs /1 2nLiTgr

P = nLUomn 4 UinTs (24)
k' < AmeinUinTs l _ QTLLiTR

1= 1071/LUotnn 4 UinTs

Similarly, according to (4) and Fig. 5(b), the phase-shift ratio
disturbance AD; of the MSSFDC scheme can be expressed as

1 _ 2nLitr
ADS ~ 4 UinT’s (25)
B \/l _ 2nL[itr+(ki+kp)iTR Uomn]
4 UinTs '

Ignoring the higher minimum term in (25), k; and k, can
be expressed by the limitation of phase-shift ratio disturbance
ADpmin as

ADG minUinTG 1 2nLiTR
ki + ky) < - A== . 26
( it ;D) N nLiTRUomn 4 UinTs ( )
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Fig. 7. Control delay when the load resistor is changed.

Then, based on the proposed MSSFDC method, the require-
ment of the integral parameter k; is limited, and the relatively
large proportional parameter k,, can be employed to compensate
the control delay. So, k; can be designed as tenth of k,,, and (26)
can be further expressed as

k < AD;{minUinTs‘ l _ 2nL7,'TR

P — nLiTRUomn 4 UinTs (27)
k' < AD;nminUin’Ts 1 _ 2nLitgr :

v = | 10nLiTrUomn | 4 UinTs

B. Compensation Method for the Control Delay of These Two
Modified Fast-Dynamic Strategies

Based on the proposed two modified fast-dynamic strategies,
when the load resistor is changed, the corresponding required
transferred current of the DAB dc—dc converter can be obtained
immediately. However, there will always be an uncertain delay
in the controller because the changing point of the load resistor
in the switching period cannot be determined, as shown in Fig. 7.

As shown in Fig. 7, i, is the actual load current, and ', is
the transferred current of the DAB dc—dc converter under these
two modified fast-dynamic strategies. Obviously, from 7. to T,
the transferred current cannot meet the requirement of the load
current, and the additional current will be provided by the output-
side capacitor. Then, the change of the output-side voltage AU,
can be expressed as

(io _ 7;/0)(Ts B tC)
Co

.
Aer[o,i(Z" 7o) Ty

AU, =
C,

. @8

According to (28), when the load resistor is changed, the
maximum disturbance of output voltage with control delay is
(io, — i o)Ts/C,. Then, this disturbance of output voltage should
be compensated by the PI controller in the control system. In
some existing model predictive control schemes, the charging
model of the output-side capacitor is adopted to correct the
output voltage directly, which always results in instability with
measurement noise. In addition, although this output-voltage
disturbance caused by the control delay is uncertain, a com-
pensation as (i, — i',)Ts/(2C,) in the next switching period
can reduce the burden of the PI controller, which can reduce
the settling time to some degree. Then, with the compensation
operation, the actual transferred current in the next switching
period can be shown in Fig. 8.

Then, as shown in Fig. 8, the disturbance of output voltage
compensated by the PI controller can be expressed as
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Fig. 8. Compensation method when the load resistor is changed.

TABLE III
CIRCUIT PARAMETERS OF THE DAB DC-DC CONVERTER SYSTEM

Switches (Experiment platform) ROHM SCT3080KL

L 40 pH
n 1
s 40 kHz
R 20Q~ 1000 Q
Ui 60V ~80V
U, 60V
k, 0.05
ki 0.005
C, 550uF
Max Counter Number in Simulation 500
Max Counter Number in Experiment 2500
Upymn in Simulation 0.5 V (White Noise)
R, of Switches in Simulation 50 mQ
. ./ Ty
AU, = (io —7'0) (5 — C)AUO
Co
o [l = 7)T: (10— i'0)T, 29
2C, ’ 2C,

Comparing (28) with (29), the maximum value of the potential
output-voltage disturbance can be reduced by half.

V. VERIFICATION

In this section, based on the simulation results and the
experiment results, the MPSFDC scheme and the MSSFDC
scheme are verified. The simulation model is obtained based on
MATLAB/Simulink, and a small-scale experiment platform is
constructed based on dSPACE controller and the DAB prototype.
The circuit parameters in both the simulation model and the
experimental platform are listed in Table III.

A. Simulation Result

Different from the traditional dc—dc converters such as buck
converters and boost converters, the phase-shift ratio, and the
transferred power, is a one-to-one correspondence. As shown
in the proposed modified fast-dynamic control scheme, the
output voltage is not much sensitive to the PI parameters with
suitable feedback control. To further verify this, the simulation
is operated with k, = 5 and k; = 0.5, which are 100 times the
adopted PI parameters under normal conditions. When the load
resistor is changed between 50 and 1000 €2, the simulation result
under the MSSFDC scheme can be shown in Fig. 9. Based on
Fig. 9(c), the output voltage with some disturbances can keep
at its desired value when the R is switched between 50 and
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Fig.9. Simulation result under the MSSFDC scheme with high PI parameters.
(a) Load current. (b) Phase-shift ratio. (c) Output voltage.
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Fig. 10.  Simulation result when the load resistor is changed under the pro-
posed fast-dynamic control schemes with inaccurate inductance value. (a) Load
current. (b) Phase-shift ratio. (c) Output voltage.

1000 £2. But the disturbances of the phase-shift ratio are obvious
as shown in Fig. 9(b). Therefore, it is better to design the PI
parameters in the modified fast-dynamic control schemes based
on the disturbance of the phase-shift ratio.

Then, when the adopted inductance L is 20 1«H in the controller
under the MPSFDC scheme and the MSSFDC scheme, the
simulation results with variable load resistor and input voltage
can be shown in Figs. 10 and 11, respectively. According to
Fig. 10(c), the output voltage U, p under the MPSFDC scheme
has some disturbances up to 4.8 V with inaccurate inductance
value, while the output voltage U,s under the MSSFDC scheme
can keep at its desired value. Therefore, the MSSFDC scheme is
not sensitive to the inductance value, and the excellent dynamic
performance can be maintained even with the wrong inductance
value in the controller. Moreover, when the input voltages are
changed, the output voltage under the MPSFDC scheme and the
MSSFDC scheme can both keep at their desired values. Thus,
even with an inaccurate inductance value, the MSSFDC method
can provide excellent dynamic performance.

According to (18), the inductance can be estimated. The cor-
responding simulation result can be shown in Fig. 12, in which
the estimated inductance is about 41 pH. Then, the dynamic
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Fig. 11.  Simulation result when the input voltage is changed under the pro-
posed fast-dynamic control schemes with inaccurate inductance value. (a) Input
voltage. (b) Phase-shift ratio. (c) Output voltage.
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Fig. 12.  Simulation result of the estimated middle inductance L.
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Fig. 13.  Simulation result when the load resistor is changed under the pro-
posed fast-dynamic control schemes with accurate inductance value. (a) Load
current. (b) Phase-shift ratio. (c) Output voltage.

performance of the MPSFDC scheme can be ensured. Usually,
the inductance should be estimated at high-power conditions
since the efficiency can be relatively high. Then, the estimated
inductance value will be more accurate.

Moreover, under the MPSFDC scheme and the MSSFDC
scheme with an accurate inductance value of 40 ;H, the simula-
tion results with a changed load resistor and input voltage can be
shown in Figs. 13 and 14, respectively. According to Figs. 13(c)
and 14(c), when the load resistor and input voltage are changed,
the output voltages of these two modified fast-dynamic control
schemes with different structures can both keep at their desired
value, and the excellent dynamic performances can be obtained.
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Fig. 14. Simulation result when the input voltage is changed under the pro-
posed fast-dynamic control schemes with accurate inductance value. (a) Input
voltage. (b) Phase-shift ratio. (c) Output voltage.
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Fig.15.  Simulation result when the load resistor is changed under the proposed
fast-dynamic control schemes with delay compensation. (a) Load current. (b)
Phase-shift ratio. (c) Output voltage.

With the delay compensation operation elaborated in Sec-
tion I'V-B, the simulation results under the MPSFDC scheme and
the MSSFDC scheme with changed load resistor can be shown
in Fig. 15. According to Fig. 15(c), when the load resistor is
changed, the output voltages of these two modified fast-dynamic
control schemes with different structures can both keep at their
desired value. In addition, excellent dynamic performances can
be obtained, which is like the simulation result under these two
proposed fast-dynamic control schemes without compensation
operation as shown in Fig. 13(c).

In addition, since the compensation value is multiplied by
the load current, the loop gain of the MSSFDC scheme will be
affected. The loop gain will be very small especially at light-load
conditions, which may influence the dynamic performance of the
DAB dc—dc converter. So, a compensation method is proposed
in Section III-B. Then, the simulation result under the MSSFDC
scheme with constant loop gain can be shown in Fig. 16. Ac-
cording to Fig. 16(d), the output-voltage disturbance when the
resistor is changed from 1000 to 20 €2 is about 1 V, the settling
time is about 3 ms, and the dynamic performance is damaged.
As shown in Fig. 16(a), when the load resistor is 1000 €2, the
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Fig.16.  Simulation result when the load resistor is changed under the proposed
series-structure fast-dynamic control scheme with constant loop gain. (a) Load
current. (b) Compensation value. (c) Phase-shift ratio. (d) Output voltage.
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Fig.17.  Simulation result when the load resistor is changed under the proposed

series-structure fast-dynamic control scheme with constant loop gain. (a) Load
current. (b) Compensation value. (c) Phase-shift ratio. (d) Output voltage.

disturbance of the compensation value k;, is obvious with higher
PI parameters. Then, when the load resistor is changed, the
calculated phase-shift ratio as shown in Fig. 16(b) will be random
at the first switching period, which will deviate from its new
steady-state value. So, the obvious output-voltage disturbance
is created.

Furthermore, after the multiplication of k;, and i at ex-
tremely light load, the required transferred current i is very
small; so the influence on the output voltage is limited with
the output capacitor. Therefore, the compensation value k;, at
relatively high power and high efficiency can be stored for reset-
ting this compensation value when the load resistor is changed.
Based on this operation, the output-voltage disturbance under
the MSSFDC scheme with constant loop gain can be eliminated
when the load condition is changed from extremely light load to
high load, and the influence on the output-voltage disturbance
when the load is changed from high load to extremely light load
can be omitted with the output capacitor. Then, the simulation
result under the MSSFDC scheme with constant loop gain and
the MPSFDC strategy with estimated inductance can be shown
in Fig. 17. As shown in Fig. 17(d), the output voltage under these
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Fig. 19. Experimental result under the MSSFDC scheme with inaccurate
inductance value (Ui, and U,: 20 V/div; i,: 2 A/div; ig: 5 A/div; ¢: 10 ms /div).
(a) Uin: 80-60 V. (b) Uin: 60-80 V. (c) R: 20-100 2. (d) R: 100-20 2.

two schemes can both keep at its desired value when the load
resistor is changed between 20 and 1000 2.

B. Experimental Result

When the adopted inductance L is 20 pH in the controller un-
der both proposed fast-dynamic control schemes, the experiment
results when the load resistor and the input voltage are changed
can be shown in Figs. 18 and 19, respectively. As shown in
Figs. 18(a) and (b) and 19(a) and (b), when the input voltage
is changed between 60 and 80 V, the disturbances of the output
voltage under the MPSFDC scheme and the MSSFDC scheme
can be omitted. Benefitting from this phenomenon, the excellent
dynamic performance under these two fast-dynamic control
schemes can both be obtained. Moreover, when the load resistor
is switched between 20 and 100 €2, the output voltage under
the MSSFDC scheme can keep at its desired value as shown in
Fig. 19(c) and (d) even with inaccurate inductance value in the
controller. In contrast, the output voltage disturbances under the
PSFDC scheme are obvious up to 4 V. The experimental results
are consistent with the simulation results as shown in Fig. 10.
Therefore, the inductance estimation operation is required for
ensuring the dynamic response of the MPSFDC scheme.

According to (18), the inductance can be estimated. The cor-
responding experimental result can be shown in Fig. 20, where
the estimated inductance is about41 pH. Usually, the inductance
should be estimated at high-power conditions since the effi-
ciency can be relatively high, and the estimated inductance value
will be more accurate. Then, based on the estimated inductance,
the corresponding experimental result of the MPSFDC scheme
can be shown in Fig. 21, where the output voltage can keep at
its desired value when the input voltage and the load resistor are
changed.

Moreover, with the MPSFDC scheme and the MSSFDC
scheme based on the accurate inductance value of 40 pH, the
experiment results with a changed load resistor and input voltage
can be shown in Figs. 22 and 23, respectively. So, when the load
resistor and input voltage are changed, the output voltage of
these two modified fast-dynamic control schemes with different
structures can both keep at their desired value with accurate
inductance value, and excellent dynamic performances can be
obtained.

With the delay compensation operation in Section IV-B,
the experiment results under the MPSFDC scheme and the
MSSFDC scheme with changed load resistor can be shown in
Figs. 24 and 25. Therefore, when the load is changed, the output
voltage with both control schemes with delay compensation
operation can keep at their desired value. Hence, the excellent
dynamic performances can be obtained, which is similar to the
dynamic performance as shown in Figs. 22 and 23.
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Fig. 23.  Experimental result under the MSSFDC scheme with accurate in-
ductance value (Ui, and U,: 20 V/div; i,: 2 A/div; ip: 5 A/div; £ 10 ms/div).
(a) Uin: 80-60 V. (b) Uiy : 60-80 V. (c) R: 20-100 €2. (d) R: 100-20 2.
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Fig. 24.  Experimental result under the MPSFDC scheme with delay compen-
sation (Ui, and U,: 20 V/div; i,: 2 A/div; ir: 5 A/div; - 10 ms/div). (a) R:
20-100 2. (b) R: 100-20 2.
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Fig. 25. Experimental result under the MSSFDC scheme with delay compen-
sation (Ui, and U,: 20 V/div; i,: 2 A/div; ir: 5 A/div; 2 10 ms/div). (a) R:
20-100 £2. (b) R: 100-20 2.
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Fig. 26.  Experimental result under the MSSFDC scheme with constant loop
gain (Uin and U,: 20 V/div; i,: 2 A/div; iz: 5 A/div; t: 10 ms/div). (a) Uin:
80-60 V. (b) Uin: 60-80 V. (¢) R: 20-100 £2. (d) R: 100-20 €.

In addition, based on (19) and (21), the loop gain of the
MSSFDC scheme can be constant, and the corresponding experi-
ment result can be shown in Fig. 26, where the output voltage can
keep at its desired value with a changed load resistor and input
voltage. It is worth mentioning that the dynamic performance
is different from the simulation result as shown in Fig. 16, and
the reason should be that 100 €2 is not the extreme light-load
condition as 1000 2 in the simulation part. Therefore, with
the measurement noise, the PI parameter cannot influence the
dynamic performance obviously.

VI. CONCLUSION

In this article, the existing model-based control schemes for
boosting the dynamic performance of the DAB dc—dc converter
are reviewed and classified. Based on the relationship between
the compensation part and the model-based part, these existing
model-based control methods can be divided into two groups
including the parallel-structure control group and the series-
structure control group. Then, the advantage and disadvan-
tages of these two groups are analyzed, and the corresponding
compensation methods are also presented. Moreover, based on
these two basic control structures, the MPSFDC scheme and
the MSSFDC scheme are proposed. Then, based on these two
proposed schemes, the general PI design principle is presented,
and a delay compensation method is also presented for reducing
the control-delay impact to some degree. Based on simula-
tion and experimental verifications of the proposed strategy,
the conducted studies in this article can lead to the following
conclusions.

1) In the model-based control schemes for DAB dc-dc con-
verter, the design principle of the PI controller is different
from the traditional concept, and the phase-shift ratio
disturbance should be acted as the criterion for designing
the PI parameters.

2) The MPSFDC scheme and the MSSFDC scheme can
both provide excellent dynamic performance for DAB
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dc-dc converter with changed input voltage and load cur-
rent. However, the dynamic performance of the parallel-
structure one is sensitive to the circuit-parameter error.
So, it is better to adopt the series structure for ensuring the
fast-dynamic performance of the DAB converter.

Since the compensation part is multiplied by the desired
load current in the MSSFDC scheme, the control loop gain
is changed along with the load current. Then, at light-load
conditions, the regulation function of the PI controller will
be weak, which cannot influence the dynamic response
at light-load conditions. Moreover, the weak regulation
function of the PI controller can reduce the influence
caused by the measurement noise at the extreme light-load
condition.

Although the presented control-delay compensation
method can reduce the disturbance of output voltage
theoretically, the optimizing performance is limited. The
main factor that influences the further improvement of
dynamic performance of the DAB dc-dc converter should
be the power loss and other uncertain factors, such as the
linearity of the measurement circuit and the dead time of
modulation signals.
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