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ual-Active-Bridge (DAB) has emerged as one of

the important isolated dc—dc converters due to

its bidirectional power flow capability, simple

architecture, and ability to achieve zero voltage

switching (ZVS) over a wide operating range.
Extensive research in the past decade solved the problem
of high circulating current and conduction loss through
advanced switching techniques known as optimal triple-
phase-shift (TPS) modulation. As the power processing
technique in DAB differs from the conventional PWM con-
verters, the dynamic modelling of this converter, through
the usual averaging of the converter state variables is not
directly applicable. Significant research has been carried
out to develop a dynamic model of the DAB. Finally, a sim-
ple first-order large signal dynamic model of the DAB that
can accommodate the advanced TPS modulation has
emerged. The objective of this article is a) exposition of
this model along with a brief review of other significant
modelling approaches from the current literature, b) sup-
plement it with a sound theoretical foundation that is miss-
ing in the existing literature, c) a simple feedback
controller design based on this model that is modulation
agnostic and useful for practicing engineer and finally d)
sample proportional integral (PI) controller design proce-
dure for a 1 kW prototype with a TPS modulation strategy
e) evaluation of controller performance under circuit
parameter variation.

Principle of Operation

Figure 1 shows the circuit configuration of a DAB based
dc—dc converter. It consists of two full-bridge networks
(S;-S, and S5-Sg) with ac ports connected through a high-
frequency transformer with turns ratio n,:n, The volt-
ages at these two ports are denoted by v, and v,
respectively. V; and V, are the dc-link voltages of these
two bridges. The equivalent circuit of Figure 1 can be
considered as a series inductance between v, and vy,
where v/(=nv,) is the reflected v, in the primary side and
n (=n,/ny) is the turns ratio. Let the switching frequency
of the converter be f..
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FIG 1 Dual-Active-Bridge dc-dc converter.
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Based on the switching conditions of both the bridges,
it can be shown that v,e{V;, 0, -V;} and v,e{V;, 0, -V,}.
The most general modulation strategy of DAB is the tri-
ple-phase-shift (TPS) scheme where three modulation
parameters, d,, d, and §, are varied to obtain the desired
average output current ¢, for the given input (V;) and out-
put voltages (V,). Figure 2 illustrates these parameters.
d, and d, are the duty ratios of the primary and second-
ary side voltages, respectively, and 8T,/4 denotes the
phase shift between the quasi-square waveforms v, and
w, respectively. Note that d,, d; e [0,1], § € [0,2] in TPS
modulation, in case of single-phase shift (SPS) d, = d, =
1, and in dual-phase shift (DPS) either d, = d, or d,=1 or
ds,=1, [15].

Dynamic Modelling Techniques

Under SPS modulation in steady-state, the switching cycle
average of the dc-side current (i,) is independent of the
output voltage (V,) and is a quadratic function of phase
shift (6) as given in (1)

=L - 5o
(iah=7-] "ia(®) Q= 5(2-) )

S

References [4], [5] assumed this relation to hold true
even under transient conditions. However, any theoretical
justification behind this assumption has not been provided
in [4] and [5]. The average dc-side current of the output side
bridge feeds the parallel combination of the output filter
capacitor (C) and the load resistance (R). So, the average
output voltage, (V,) is related to (i,;) through a first-order
transfer function R/(1 + RCs). Following this argument,
[4] found a first-order small signal transfer function that
relates average output voltage to phase shift. This is small
signal as (i;) is a non-linear function of §. Following the
previous argument, the output voltage controller provides
the reference average dc-side current, (i, in [5], (in [4], it
was phase shift), and then phase shift is computed using
the steady-state relation between (i;) and 6. As the relation
between the average dc-side current and the average output
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FIG 2 Representative waveforms of TPS modulated DAB.
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voltage is linear, the resultant controller can handle large
signal variations. A similar approach as in [5] is taken in [6]
that does not require knowledge of series inductance value.
A similar dynamical model as in [5] is arrived at in [7] using
sampled data modelling, but a Model Predictive Control-
ler (MPC) is used for output voltage control. Reference [8]
used a similar controller as [5] and an output current feed-
forward for fast rejection of load disturbances. Reference
[9] proposed a strategy that obviates the need for output
current sensing as in [8]. All the work cited above regard-
ing dynamic modelling and control of the DAB converter
is done for SPS modulation. A recent review, [10], on DAB
control techniques has highlighted the lack of reported
TPS-based control strategy in the existing literature. In [11]
a Finite Control Set (FCS) based MPC controller is used
for output voltage control under TPS modulation that mini-
mizes reactive power at steady state. MPC is computation-
ally demanding and requires trial and error-based tuning
of multiple parameters (weighting factors) to achieve a par-
ticular speed and ensure stability.

Insight into the Dynamic Model

The dynamic model of the DAB converter is first order and
the series inductor current does not appear as a state vari-
able. To establish this, we will show that the switching cycle
average of the rectified output current (i;) does not depend
on the initial value of the inductor current i;(0). The
dynamic equation of inductor current i;, is given by (2a).

From (2a), i;(f) can be written as (2b). Figure 2 shows the
piecewise constant voltage across the inductor, v,~/, and
the resultant inductor current, i;(%).
dip,
L—==v, —; 2a
a s (22)

t(vp (1) =05 (7))

- dr (@b)

(0=, 0)+]

The rectified current at the secondary side dc port
referred to the primary side, 4; = i,/n. This rectified cur-
rent is a function of both i;, and v, as evident from (3). The
switching cycle average of i, which is denoted by (i,), there-
fore, can be evaluated as (4).

Lx>0
0;2=0 3)
-Lx<0

iq(t)=ip(t)*sgn(vs);  sgn(x)=

(ia) = [ i)
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Two assumptions are made for deriving this model:
1) the switching ripple of the output voltage is negli-
gible compared to its average value due to the large out-
put capacitance (C). This is the same as the small ripple
approximation made for the output capacitor voltage
of PWM converters; 2) the average output voltage does
not change appreciably over a switching cycle. This is
true for all transients that are slower than the switch-
ing frequency. Note that due to this assumption, the
derived dynamic model is valid for frequencies at least
a decade below the switching frequency. Substituting
i, from (2b) into (4), (i,) is obtained as (5), where the
coefficient of 7;(0) becomes zero. This is precisely why
the inductor current does not appear as a state variable
and due to the output capacitor voltage, the dynamic
model is first order.

Next, we will show that the average output current (i) is
independent of the output voltage level V,. Further simpli-
fication of (5) is performed to get (6) after using a change
of variables for the integration and the half-wave-symmetry
property of v, and v. The term RH in the right-hand side of
(6), is calculated as zero in (7) (see Appendix). This implies
that (i,) is independent of V,. The terms V;, L, f; from g can

1o+ 5T L gy Ol 1y +4%5%
. ni . 2772 2 Tl 2
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be taken out to write (i,) as nVl f(dp, dg,§). One can note

from Figure 2 that ¢, = %(1 + 5 —dg) and v, is a quasi-square

waveform of amplitude V; and duty cycle d,. Therefore, (i)
in (6) is a function of modulation parameters (d,, d,, and &)
only.

Design of Feedback Controller

1) Plant
From result (6) it is clear that (i;) is independent of
output voltage (V,) and initial inductor current i;(0) and
function of input voltage (V;) series inductance (L),
transformer’s turns ratio (n), switching frequency (fy),
and modulation parameters (d,, d, 8). So, (i;) can be
modelled as a current source and it can be programmed
cycle by cycle using modulation parameters (d,, ds, d)

8f L

This result holds for any TPS modulation that ensures
half-wave symmetry as described earlier. The plant is
modelled in Figure 3. Through the application of KCL
and Laplace Transform one can find the first order
transfer function between the average output voltage

and (i).
avy Vs (Va(s)) _ R
Cq TRTlamPE)= (ig(s)) 1+sCR @
2) Loop Gain

The TPS modulation parameters (d,, ds, 6) are imple-
mented by the modulator in the next switching cycle. As
(i) is only an algebraic function of d,, ds, 6 and doesn’t

depend upon the plant parameters (R, C) or V,, the resul-
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FIG 3 Plant model for voltage control. The function f is given
in Table 1.

tant rectified current, (i,), will be the same as (i ), irre-
spective of the initial current of the inductor. Therefore,
the transfer function between (i,),s and (i,), is modelled
as a unity-gain transportation delay, 7,. This delay
should include the one-switching cycle computation
delay and the half-switching cycle delay due to the mod-
ulator. Therefore, T, = 3T,/2. Here, T, = 1/f, is the switch-
ing period. Equation (9) gives the loop gain transfer
function, LG(s). It can be seen that LG(s) has a gain factor
of L./L. Here, L. is the estimated value of the inductor.
Therefore, variation in L impacts the gain of the loop
transfer function, and, hence the bandwidth and phase-
margin are affected. During the closed-loop design, the
variation of these parameters needs to be considered to
ensure enough stability margins, and bandwidth of the
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FIG 4 The feedback control architecture under TPS modulation.

Table 1. Expressions of (i;) in different Zones of TPS
modulation.

Zone Zone boundary (igy=fld,, d, J)
condition
nV
1 d,>2d.+ 6 1s5d
=" afL "’
nVv,
2 d>d,+6 15d
s=%r 4fL
5 dy+d+622 i§7V1L<1—(1—d,,)2-(1—115)2—0—6)2)
s

3) Controller
Given bandwidth (@) and phase-margin (®,), a feed-
back controller can be designed using classical loop-
shaping approach. A feedback control scheme to
maintain the output voltage is shown in Figure 4. The
sensed output voltage is fed back and then compared
with the reference V. The error is then applied to a con-
troller, C(s). As the plant is a simple linear first-order
system agnostic of modulation, a simple PI controller
can achieve sufficiently good bandwidth and stability
margins after considering the delay of the modulator.
The designed controller can perform large-signal track-
ing and disturbance rejection. Output of the PI controller
provides the amount of average current, ¢, that needs to
be supplied to the output R-C branch to minimize the
nv
8f,L
infinite number of TPS modulation parameter (d,, ds,
6) exists that can synthesize {i;) = i, following the
Sormula given in Table 1. Given, i, Vi, Vo, L, 1, f; any
TPS modulation strategy that maintains half~-wave
symmetry as described earlier and shown in Figure 2,
can be used for the computation of (d,, ds, §). For exam-
ple, optimal TPS modulation strategies, such as peak
current minimization [13], RMS current minimization
[14], or hybrid modulation [12] can be adopted for the
computation of optimal modulation parameters.

error. If i,.;1s any value between zero to , in general
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Applicable to special cases of DPS and SPS.

Table 2. Current limits in hybrid modulation

strategy of o

Ia o

2 22
Vs (Vi—nVy) (V1 -n VZ) v
nV, <V, 3 -V
AfLVy anVifil V2 —nPv2
2 n V12 —nZVZ2 +nVZ\/n2\/2Z —V12
nVf (nV, —Vp)
nv,>V,

anPVEfL 4fLVy

Steps for designing the PI controller:
1) Derive the plant P(s) as given in (8)
2) Derive the loop gain LG(s) as given in (9)
3) Choose w, = 1/RC

4) Then the updated loop gain is (%)n(%)eiﬂd

5) The phase as a function of @wis ® =-90°-wT}

6) For a given phase margin ®,, decide the gain
cross-over frequency from the relation ®,, = 180° +
D =90°-w, Ty

7) Design K, to have unity gain at . using the

=1

Co,

relation ( X,
g
8) Consider the variation of series inductance in the
loop gain as aratio of L}’j’" for the design of K,

4) Modulator
In TPS modulation based on positioning of the edges of
v, and vy waveforms with respect to each other, the
pattern of inductor voltage changes. Each pattern is
called a Zone and each Zone is associated with some
inequality constraints in terms of TPS modulation
parameters (d,, ds, 8) known as Zone boundary condi-
tion, Table 1. For a given direction of power there can
be six different Zones [16]. However, in one of the Zones
the RMS and peak current is high for same power on
account of 6>1 [16]. Hence, we don’t operate in that
Zone, out of the remaining five Zones, in two Zones,




Filter Capacitor

Secondary High frequency

Table 3. Optimal TPS modulation parameters for hybrid modulation strategy

proposed in o

et <l I <lef <l

this article. In this modula-
tion strategy, input (V;) and
output voltages (V,), series

(”V1 -8fil ire/)(v1 _"VZ)Z

AVslyer fsL
nv,<V,  d,= | Mol fiL_ dy=1- e
Vi(i—n¥y) V(i =nva)? + 73 )

Vi,

d. =
s HVZ

i < lyef inductance (L), transform-
er’s turns ratio (1), switch-
d =1 ing frequency (fy), output

current reference (¢,;) are
the inputs. Based on the
d.=1 fact whether nV, >V, or nV,
<V, first we need to calcu-
late two current limits 7,

Vi —nV; 8fL i, 8fLi
6=M §=1- /Zd,,—df,—M 6=1- 1—M and 7, using Table 2.
nV, nVq nV; .
Depending upon the value
ey d - Vo [Anig fil i i of output Cukllrrent (z,efi.W{th
2 1 - - -
p Vi \ (Vs — V) P P rfespfect tot ' ese two limits
(c1, %c2), optimal TPS mod-
“"- Vid, h1 I( Vi~ 8L ires ) (Vs —Vy ) e ul;;tlolntpf;rarflete';sbclalzl3 be
v, V nv1((nv2 —uY +v12) calcula e. using Table 3.
The details of how to com-
5 dy (nVs —Vy) 51 b a2 8L ires so1 i 8FL irys pute optimal TPS modula-
= v T T T R Ly, tion parameters for the
1 1 1
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FIG 5 Experimental setup for DAB converter.

5)

direction-based ZVS cannot be achieved. Therefore, it
is imperative to restrict the operation of DAB to three
Zones namely, Zone 1, 2 and 5, respectively. Expression
for (i,), in steady state in each of these zones has been
derived in [16]. The result in (6) indicates that the same
expressions are also valid in transients. The expres-
sion of (i,) for Zone 1, 2 and 5 of TPS modulation are
provided in Table 1 along with the inequality condition
that defines that particular zone. SPS and DPS are spe-
cial cases of Zone 5 in TPS. The expression for (i,) in
SPS can be found by setting d,=d=1 in the formula
given for (i;) in Table 1. The same for DPS can be
obtained by setting either d, or d, equals to one. For

example, with d, = 1, iy = 8’}"2 A-(1-dy)* —(1-5)).

Sample Calculation of TPS Modulation Parameters
For experimental verification of the proposed control
scheme, hybrid modulation scheme of [12] is followed in

experimental operating
points are explained below.
Corresponding to the ope-
arting conditions before
the step-change in reference, using Table 2, 7., and 7,
values are found to be 2,6.76 A, respectively. The output

current (2ef) = % =2.25A. Since, 7, > %5, using Table 3,

TPS modulation parameters can be found as d, = 0.901,
ds =1, 6=0.112. Corresponding to the operating condi-
tion after the step-change, 7., and 7, values are 1.84 and
6.55A, respectively. Theoutputcurrent(?,.¢) = % =4.23A.
Again corresponding to i, > 7, case, using Table 3, TPS
modulation parameters can be found as d, = 1, ds=0.921,
6= 0.216. For both the cases i.e. before the step change
and after the step change the corresponding steady state
TPS modulation parameters (d,, ds, 6) are indicated in
Figure 9a and b, respectively. From the figures it can be
seen that in both the cases the optimal modulation tells
us to operate in DPS mode. Figure 10 shows a steady
state waveform in TPS at V, =200 V, R=200 Q= 7,;=1A.
In this case, 7., and 1, values are 3.56 and 8.35 A, respec-
tively. For ?,; > 7., using Table 3 optimal TPS modulation
parameters are found to be d, = 0423, ds = 0.529, 6 =
0.106 and the same are indicated in Figure 10.

Experimental Verification

The proposed feedback control strategy is verified experi-
mentally and is compared with simulation results using
MATLAB-Simulink. The experiment was done in the set-
up shown in Figure 5 using SiC MOSFETs. The operating
condition for the experiment is given in Table 4, with a
peak efficiency of 97.8%, to operate in both Buck and
Boost modes. For a given R = 65 Q, C and n, as given in
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Table 4. Specifications of the experimental setup.

Parameter Value
Input Voltage (V;) 400 V
Output Voltage (V,) 200V-300V
Rated Power (P) 1kw
Transformer turns ratio (n) 1.6
Series inductance (L) 71.8 uH
Switching frequency (fs) 100 kHz
DC-bus Capacitance (C) 10 uf

Volta;g,e 50\I//divl Current iOA/div I’I‘imel200uls/div

FIG 6 Simulation result for step change in reference, 225V to

275 V.
Tel PreVu [ - — - ] — -
1] : : ie
90 % — - . . y
410 %
120us ‘
il Ul ‘ A \“ A ‘HHM“ I w AN AR AT i
AN | ‘ ‘ TR Bt AT M A R W T MR
@ soov : ][zoous ‘ s,ooms/sv @/ :
10.04 (e ) 10k points 249V

FIG 7 Experiment result for step change in reference, 225 V to
275 V.

Table 4, K, = 0.12 and w, = 15670.83 are used so that the
loop transfer function, LG(s) of (9), has gain crossover
frequency (GCF) of 3 kHz with a phase-margin of 74°. Due
to £20% variation in L values, the GCFs change approxi-
mately from 2.4 kHz to 3.6 kHz, respectively, and the cor-
responding phase margins change from 77° to 70°,
respectively. Figures 6 and 7 show simulation and experi-
mental results for a step change in reference from 225 V
to 275 V with load resistance of 65 Q. From the figure, the
rise time is about 120 ps, which is very close to the
approximate theoretical rise time, 2.2/@gcr = 116ps, where

350 : . . : :
12015

&

g 300

> 250 o ~

= I

é 10%

C:; il 100us — L. =12L

150us — Lest =1L

150 ) o Lest = 0.8L

Time (100s/div)

FIG 8 Response variation for variation in estimation of L.

250MS/s @ / 5
10k points 210V

Max Std Dev ]

1.68 6.96m
3.00 108m

(i 34 ]ﬁ
380.0 V H

][a.uous 250MS/s
u-ev 10k points
Value Mean Min Max Std Dev
[ 3 IS 3.17A 3.13 119m 3.19 105m
Max S.00A 4.89 200m 5.20 367m
(b)

FIG 9 (a) Steady-state waveform before the step change
(V, =225V, P = 0.5 kW). (b) Steady-state waveform after the
step change (V, =275V, P = 1.16 kW).

wger Stands for GCF in radian (wgcr = 27 * 3000) These
results verify the dynamic model of the DAB converter
with a PI-based closed-loop control system.

Figure 6 shows the reference current, 7, which is
the output of the controller (shown in Figure 4) and the
switching cycle average rectified secondary current, (i),
in the simulation. It is seen that (i) follows 7, with a time
delay close to 3T/2. These transient responses show the
large-signal validity of the proposed feedback control.
The effect in bandwidth for a 20% change in L value is
considered a benchmark for comparison. To emulate the

thorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. DoR#8B#&H %ﬂ?—f‘lul{ld?ﬁkﬁ%EB:'195.56mewplorékestrictions appl



Tek Run [

—Yp — Vs

—iL

@ 50V @ 500V .00 250MS/s

[ %
5.00 A -~ 10k points 80.0V
Value Mean Min Max Std Dev
@ rMs 114A 1.14 691m 117 5.92m

Max 240 A 2.44 1.60 2.80 79.6m

FIG 10 Steady-state waveform for V, = 200V, P = 200W.
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FIG 11 Simulation results of response for a step change in
load.
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FIG 12 Experimental results of response for a step change in
load.

variation in L, the estimated value, L., is changed from
the actual value in the simulation. As described earlier
and shown in Figure 4, these impact the gain of the loop
gain transfer function and hence, the GCF. Figure 8
shows the variation in response to step-change in refer-
ence with L. =L, L., = 1.2L, and L. = 0.8L. From the
figure, for the later two cases, the rise-times are 100 us
and 150 us, respectively, which are very close to approxi-
mate theoretical values (97.3 us and 145.9 us). Figure 11
shows the simulated transient response of output voltage
and inductor current for a step change in load resistance

from 100 Q to 65 Q at V, = 275 V. This is consistent with
the experimental results shown in Figure 12 for the same
transient.

Conclusion

This article shows that the switching-cycle averaged recti-
fied output current in a DAB converter is independent of the
inductor current dynamics, and the output voltage. This cur-
rent is an algebraic function of the modulation parameters
and converter parameters. This algebraic relation remains
valid in transients slower than the switching frequency, a
region of interest for practicing engineers. It has been ana-
lytically shown this is true for any modulation technique
(TPS, DPS, SPS) that follows half-wave symmetry for the
voltages applied by the two bridges. Output voltage and the
average rectified output current are related by the load
model, in this case, a simple first-order transfer function
(RC). A voltage controller design procedure is provided that
tracks the output voltage to the required reference. The out-
put of the feedback loop provides the average rectified cur-
rent to be generated to control the output voltage.
Modulation parameters are then obtained from this current
to minimize the current stress. Therefore, a simple PI con-
troller can offer sufficient gain-crossover frequency with an
acceptable phase margin. The performance of the closed-
loop control system is demonstrated on a 1 kW, 100 kHz
DAB converter. The implemented controller achieves a 3
kHz gain crossover frequency and 74 degree phase margin
for a switching frequency of 100 kHz. Considering a realistic
variation (x20%) in series inductance, the worst-case gain-
crossover frequency and phase margin are noted to be 2.4
kHz and 70 degree, respectively. This exposition of TPS
modulation-based feedback control in a DAB converter
could serve as a first-hand guideline for practicing
engineers.
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