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Abstract—Dual active bridge (DAB) converters have been
gaining increasing popularity in the context of high-frequency
solid state transformers. However, modeling of a DAB converter
remains a challenge to retain the ripple information for the
design of high performance stable digital control under uniform
sampling. This paper proposes a discrete-time framework using
approximate discrete-time models considering various practical
parasitics. These models are used to derive various discrete-time
small-signal transfer functions under phase shift modulation
using both voltage mode and current mode control techniques.
The accuracy of the proposed models is verified through
SIMPLIS simulation as well as experimentation in time-domain
and in the frequency domain using SIMPLIS simulation.
Finally, a design case-study using digital voltage-mode control
is considered for a prototype DAB converter under phase-shift
modulation with a power rating of 50 W and switching frequency
of 500 kHz. The digital controller is implemented using an FPGA
device, and the test results are demonstrated. The proposed
framework can be extended to different modulation techniques
as well as other isolated DC-DC converter topologies to design
high frequency digital control.

I. INTRODUCTION

A bidirectional dual active bridge (DAB) converter emerges
as the promising DC transformer as well as the key element
in a solid state transformer. A DAB finds widespread
applications, such as DC transformer in active cell balancing
[1], PV micro inverters [2], medium voltage solid state
transformers [3]— [4], smart grids [5], etc. A DAB converter
offers various features in terms of low device and component
stress, small filter components, low sensitivity to system
parasitics and low switching losses by virtue of zero voltage
switching. Therefore, a high-frequency DAB converter can
achieve high power density with reduced switching losses. It
also enables the bidirectional power flow and provides the
galvanic isolation with effective transformer core utilization.

The DAB converter was first reported in [6] as a three
phase soft switched DC-DC converter topology for a high
power application, in which the power flow characterization
and the soft switching boundary were discussed. The impacts
of snubber capacitance and magnetizing inductance of the
transformer on the soft switching operating region along with
various control schemes of a DAB converter were reported in
[7]. A DAB converter requires closed-loop control to regulate
its output voltage and/or current depending on applications;
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thus various small-signal transfer functions are needed to
design the controller. Since the (steady-state) average value
of the inductor (or the transformer) current remains zero over
the switching time period, a classical state-space averaging
technique [8] often fails to accurately capture small-signal
dynamics of a DAB converter. A generalized averaging
technique [9] was applied for modeling a DAB converter,
and the frequency response of the control-to-output transfer
function was experimentally verified in [10]. However, this
approach yields highly complex expressions which fails
to provide any physical insight for the controller design.
A small-signal modeling approach was reported in [11]
for isolated bidirectional DC-DC converters under different
modulation schemes. An alternative full order modeling
approach was proposed for a DAB converter under the
phase-shift modulation (PSM) in [12], which can predict
the frequency response up to one third of the switching
frequency. A reduced-order averaging technique was reported
in [13]. A bilinear discrete-time modeling approach in [14]
uses matrix exponentials which are then approximated up to
first order terms. In this approach, it is difficult to accurately
capture the fast inductor current dynamics in presence of
the parasitic resistance. Another continuous time average
modeling technique was discussed in [15] considering a
DAB converter as a two time-scale system. However, the
inductor current dynamics was neglected in this approach.
State space modeling using an improved first harmonic
approximation was presented in [16]. However, most of
the modeling approaches were limited to continuous-time
control. For digitally controlled DAB converters under uniform
sampling, a discrete-time modeling approach was reported
in [17] to derive various small-signal transfer functions.
While this approach uses matrix exponentials, this works on
perturbed dynamics rather than the original dynamics; thus,
sub-harmonic instability cannot be captured, particularly for
current mode control.

Considering the natural current and voltage dynamics, this
paper proposes a discrete-time framework. which can predict
both large- and small-signal behavior. This proposed approach
is useful for direct digital controller design.
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II. THE PROPOSED DISCRETE TIME MODELING

The schematic of a DAB converter is shown in Fig. 1(a).
This can be viewed as an equivalent RLC circuit as shown
in Fig. 1(b) under different switch configurations within
a complete switching interval using different combinations
of input voltage v;, and output voltage wv,. For sake
of simplicity, the effects due to transformer magnetizing
inductance, core-loss resistance, and switching transients as
well as dead time are not considered in the modeling.
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Figure 1. (a) Schematic of a DAB converter with v, and v, as the respective
input and output voltages: (b) Equivalent RLC circuit of the DAB converter.

(b)

Under phase shift modulation (PSM), the voltages in
Fig. 1(b) can be written as v1(t) = s1(t) X v, and va(t) =
s9(t) X v,, where

T,
1 for0<t<—
s1(t) = 2
T, ;
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Depending on the switch configuration under PSM as shown
in Fig. 2(a), there exist four modes which are summarized in
Table 1. Applying the Kirchhoff’s Voltage Law (KVL) to the

Table 1
STATES OF SWITCHES UNDER FOUR DIFFERENT MODES

Modes ON State OFF State

Mode-1 Sl, Sg, S7 and Sg Sg, S4, S5 and Ss
Mode-2 Sl, Sz, S5 and SG Sg, S4, S7 and Sg
Mode-3 Sg, S4, S5 and Sg S1, SQ, S7 and Sg
Mode-4 | Ss3, S4, S7 and Sg | S1, S2, S5 and Sg

equivalent RL circuit in Fig. 1(b), it can be written using (1)

as
diy (t
vy (8) = ip (t) Teq + L ) | Ny, (t)
v (T dig (t
AU AL 2)
L S1 (1% Uin — Nsa (1) vg
T=——; M= 3
Teq L

where my, indicates the slope of the inductor current related
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Figure 2. (a) Steady state inductor current under phase shift modulation. (b)
Sampling instants for inductor current and output voltage.

to four different modes, 7¢q is the equivalent resistance which
includes the on-time resistance of MOSFET, the DC resistance
of the inductor and the winding resistance of the transformer.
From (2), the inductor current dynamics with the initial time
to and the initial value Iy can be written as

ir (t) = mmy + (Ip — Tmy,) exp (—t _7_t0> . 3)

Similarly, the capacitor voltage dynamics in Fig. 1(b) can be
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Figure 3. Initial and final values of time and state variables under four

respective modes using phase shift modulation.

derived using (2) and (3) with the initial value v, as

vett) = 2T o)+
NSQ(t)T(IO—ka){l—eXp<—t_to>} “)
C, ; T
_Rgo (t — to) + Veo-

Let iz[n] and v.[n] be the inductor current and the capacitor
voltage at the beginning of the n'® switching interval; and
ir,[n+ 1] and v.[n + 1] be the their respective final values at
the end of that switching interval as shown in Fig. 2(b). The
periodic switching sequence consisting of different modes is
shown in Fig. 3.

b [n] Teq L _NlL [I’l]
—— W~ >
A
—=v, —Ny [n]—--— R g_vo [n]
C;::lg[n] I
Figure 4. Equivalent RLC circuit of DAB converter at the n*" sampling

instant.

Under uniform sampling, the output voltage is sampled
once in a switching cycle at the instant shown in Fig. 2(b),
where v, [n] is the sampled output voltage at the n'"* sampling
instant. Now, the sampled output voltage v, [n] at n*? sampling
instant is considered to compute the different inductor current
slopes (m to my) under four respective modes throughout the
n*™™ switching cycle or until the (n + l)th sample of output
voltage being captured. Now, at the n*" sampling instant, the
equivalent RLC circuit of DAB converter is shown in Fig. 4.
From this equivalent circuit, the relation between v, [n] and
v, [n] can be derived as

ve [n] = Nig [n]reo + v, [1] (1 + %) 5)

The initial and final values of time and their corresponding
state variables such as inductor current ¢; and capacitor
voltage v, are depicted in Fig. 3. Using (2) - (5), the analytical
expressions of inductor current ¢;, and capacitor voltage v, at
the end of each mode are derived as below.

Mode - 1: The slope of inductor current m; is
Vin + Nv, [n]
-1 (6)
With the initial time nTj, the inductor current iy, [n], the
(n + % T, as
shown in Fig. 3, the inductor current 7r; and the capacitor
voltage v.; at the end of this mode become

my =

capacitor voltage v, [n] and the final time

. . ”LTQ
it1 = mmy + (ig, [n] — 7mq) exp —9027_ ;
1 Vo [1] onTs
= —— N B — _— —
ek (o (2

o b= ) {1 = e (<5220 ) b v,

Mode - 2: The slope of inductor current ms is

Vin — Nv, [n]

17 ®)

mo =
With the initial time (n + %) T, the inductor current 7r,1,

1
the capacitor voltage v.; and the final time | n + 2) T, as

shown in Fig. 3, the inductor current i and the capacitor
voltage vqo at the end of this mode become

(1 B (Pn)Ts .
27 ’

- ¥n TS‘
vczé)(NTmzvoén]){(l g) }+ )

N . ]-* n Ts
FZ (iL1 — Tma) {1 —exp{—(;_)H + Vet.

iLe = Tmag + (i1 — Tma) exp§ —

Mode - 3: The slope of inductor current mg is

Uin + Nv, [n]
—1

ms3 =

(10)

With the initial time <n + 2) T, the inductor current 41,0, the

capacitor voltage v.o and the final time ( n + 3 + % T, as

shown in Fig. 3, the inductor current ir3 and the capacitor
voltage v.3 at the end of this mode become

'I’LTS
i3 = Tms + (iLZ - ng) exp <— 9027_ ;
1 Vo [n] SDnTs
3=— (N — 11
(] Co(TmB R><2 + (11)
N nTs
C—: (iL2 — Tm3) {1 — exp ((PQT( )} + Ve
Mode - 4: The slope of inductor current my is
Vin — Nv, [n
my = —TH. (12)
$n

5 5 T, , the inductor current

iL3, the capacitor voltage v.3 and the final time (n + 1) T
as shown in Fig. 3, the inductor current iy, [n + 1] and the

1
With the initial time (n + -+ =
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capacitor voltage v, [n + 1] at the end of this mode become

(1 —n) T .
27 '

1 o 1-— nTs
’Uc[n-i-l]:_a NTm4+vR£n} ( g) }_

NT R 1 - ¥n T’s
e (iLs — ™my) |1 exp{(;_)}} + Ve3.
’ (13)

Considering possible practical parasitics, the solutions of
the inductor current and the capacitor voltage dynamics
are obtained. A second-order approximation of individual
dynamics is found to be sufficient to capture the fast-scale
behaviour of the converter. Thus, the complete discrete-time
model can be derived, sequentially combining these inductor
current and capacitor voltage dynamics under respective four
modes, which can be written as

ir [n+ 1] = k1o + k2 (1 — 2p,,) v, [0]
¥ [k — ks (1~ 2] i ],

Ve [n+ 1] = kspn (1 — ©n) vin + keve [1]
+ [kr + ks (1 = 2¢)]ir [n] -

i1, [n+1] =7'm4+(iL3—7'm4)eXp —

(14)

T2 Nk
where ky = — 51 kg = — i kg = ¢~ (To/7);
Ark NT,? NT. k
s Tco s TcoR5
ks = Nreoko: ks = ke = - ,
4= WTeoli2i s = 5pemi e = e = =

T.
ks =1—- —2
o
Now using (143, steady state values of the inductor current
I, and the capacitor voltage V. can be obtained by solving
i, [n+ 1] =i [n] and v. [n + 1] = v, [n], which are written
as

and a = 142 T is the switching period.

I Vin [k2ks @ (1 — @) (1 — 20) + ky (1 — kg)]

BT = ke) [1— ks + kg (1 — 20)] — ky (1 — 20) k.’
v — Vi [ks® (1 — @) {1 — kg + ks (1 —20)} + k1k.]

(1 —ks) [l — k3 + kg (1 —2®)] — ko (1 — 20) kc.(15)
where k. = kg + k7 (1 — 2®), ® and V;, are the phase shift
and input voltage at steady-state. Applying small perturbations
around the operating point {®, I, Vi,, V.}, the perturbed
discrete-time models become &,11 = Az, + Bg, +
Piyy; 0o [n] = Ciy, where

Ao F ki (1-28) Ry (1-29)
=\ ket ke (1 20) ks
B 2 (kalp, — k2V2) .
T\ ksVin (1—20) — 2k7I, )7
_ k1
P= ( ks (1 — D)

) (16)

)

C= ( Nre, 1 );xn (gl veln] )T
« «@
Consider the parameter set: Vi, = 36 V, R = 1.2 Q,

req = 026 Q, L = 6.6 puH, C, = 185 puF, N = 6,
Ts = 2 psec, reo = 1 mS). From (16), different discrete-time
transfer functions under voltage mode control using PSM are

derived as follows

0,(2)  0.068842 — 0.06346

$(2) 22— 1.90862 + 0.9095°
() 0.00122z — 0.00112

Oin (2) 22 —1.9086z + 0.9095

ip(2)  —0.25382+40.252

o(2) 22 —1.9086z + 0.9095

i ()  —0.0068262 + 0.006767
O (2) 22 —1.9086z + 0.9095
Digital current mode control under phase shift modulation:
The digital current mode control (DCMC) of DAB converter
under PSM [18] is shown in Fig. 5 and the corresponding

a7

iil'u
Vin

Gate Signal
Generation
Circuitry

Figure 5.
modulation.

Digital current mode control of DAB converter under phase shift

inductor current waveform is presented in Fig. 6. Now, i, [1]
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Figure 6.  Inductor current using digital current mode control of DAB

converter under phase shift modulation.

is generated from outer voltage loop as shown in Fig. 5.
Considering second-order approximation of each exponential
and using Fig. 6, i, [n] can be written in terms of ¢,, as

ref 2T eq 4t

(CkUin + No, [TL] —ir [n] Tcons) +ig [n]

(18)

where T'cons = Teq+N 2r... To linearise around the operating
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point {®, I, Vi, V.}, applying perturbation in (18), the
perturbed phase shift ¢,, is expressed as

[ 5]

Inductor Current (A)
o
TN
=

AL

mn

. 1. kg . k1o . k11
Bn = et [1] = 20— 0[] — iy ] (19) VU
k12 k12 k12 k12 2 s s s
3.18 3.10 32 321 322 3.23 324
T, T Nk k o ;
where kg = s 1-— £ . klO = 79, kll =1- 9Teq 348— T T X0
2TTeq 4t « « Bae e
Ts (st G 4:4 M
and k12 = - <1 - : ) (a‘/in + N‘/c - Ichons)- 7 4or
2TaTeq 2T £ 4
With the closed inner current-loop, the perturbed model AERT] 319 32 32l 322 323 3.24
can be derived usingA (16) by replacing ¢, in terms of Simplis Simulation Tlm(eés)“) x10°
iref [1]  Uin, Oc [n] and 7y, [n] as per (19), which under current RN Nisa emal)
mode control becomes Z,11 = AaZn + Beliret [n] + < e ; { .
Poybin; O [n] = Ciy, where 2 MM
B 3o
AC]ZA_F[kll klO]; §_2 ; ‘UV\JU V
12 ko (20) £ 318 3.19 32 321 3.2 323 324
Bg=-—;P,=P—-—B. = 10°
cl le’ cl k12 % " . : X 4
Thus, various discrete-time small-signal transfer functions can §3,1 st WWWW Ty
be derived under DCMC, which are computed using the g 5 FYrYWYWryrvrryvyryy i
parameter set for the nominal switching frequency of 500 kHz & Sig 310 33 e 353 5 R
and current sense resistance of 10 m£2, as follows Simplis Simulation o) x10°
o (2) 0.866478z — 0.79877 PP S ®)
o o . . . =
Tt (2) 22— 1.937592 + 0.938478 )
0o (2) _0.000795z — 0.000714 S ol
b (2) 22 —1.937592 + 0.938478’ £y !
%L (2) —0.03194z + 0.03171 2D E s 1o 2 201 202 203 204 205 206 207

Gref (2) 2% — 193759z + 0.038478
ir (2)  —0.0052652 + 0.005211
Oin (2) 22 —1.93759z + 0.938478"

III. MODEL VERIFICATION AND DIGITAL CONTROLLER
DESIGN

The discrete-time models in (16) and (20) have been verified
with SIMPLIS simulation both in time and frequency domain.
The time domain verifications are shown in Fig. 7, under
step transient in load resistance [in Fig. 7(a)], phase shift [in
Fig. 7(b)] and input voltage [in Fig. 7(c)], considering the
parameters set in Sec. II. The frequency domain validations
under both voltage and current mode control are presented in
Fig. 8 up to half of the switching frequency (or the Nyquist
frequency) i.e 250 kHz. In Fig. 8, a phase mismatch is found
near the Nyquist frequency, which can be compensated by
incorporating higher order series expansion of the exponentials
in (3) and (4). However, this would increase the model
complexity. For target control bandwidths of 1/10%" under
voltage mode control and of 1/5*® under current mode control
with respect to the switching frequency fs, both the gain
and phase plots are accurately matching with the SIMPLIS
simulation as shown in Fig. 8. Thus, these reduced-order
discrete time models are accurate enough for direct digital
control design.

The control-to-output transfer function of the open-loop
DAB converter results in 5 kHz bandwidth, i.e., f5/100 and
15 dB DC gain. These would indicate sluggish (over-damped)

W b
SIS
T

Output Voltage (V)
w
! /
H ’

1.98 1.99 2 2.01 2.02

2.03 2.04 2.05 2.06 2.07
Time(Sec) %107
Simplis Simulation
o Discrete Time Model (C)

Figure 7. Time domain verification at 36 V input due to step changes in (a)
load resistance from 2 € to 1.2 © (b) phase shift (®) from 0.3 to 0.38 (c)
input voltage from 40 V to 30 V with load resistance (R) of 2 2 and phase
shift (®) of 0.24.

response to reference transient. This observation can also be
inferred from the topology itself as there are only capacitors,
followed by the load side bridge. For improved performance, a

closed-loop discrete-time PI controller C(z) = k,, + 71_1

is designed using MATLAB SISO toolbox for the desired
closed-loop bandwidth of 50 kHz with 60 degree phase
margin. The controller gains are found to be k, = 13.25 and
k; = 0.5 and the transient response is shown in Figure 11(a).

Under digital current mode control, the control-to-output
transfer function yields 70 kHz bandwidth and 63 degree phase
margin, which results a fast response to a step load transient.
Therefore, a DAB converter is better suited to constant voltage
applications which require very fast load transient response.
For a target closed-loop bandwidth of fs/5 and 60 degree
phase margin, the voltage controller gains are found to be
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Figure 8.  Discrete-time control-to-output transfer function of the DAB

converter under phase shift modulation (a) voltage mode control and (b)
current mode control.

k, = 1.35 and k; = 0.0165. This indicates that current mode
control can achieve faster response compared to voltage mode
control even using smaller controller gains, however, at the
cost of additional current-loop and the current sensing circuit.

IV. HARDWARE IMPLEMENTATION

A DAB converter prototype, including signal conditioning
circuitry for digital control design has been made as shown in
Fig. 10, and the controller is implemented using an FPGA
device. The specifications for the hardware prototype are
considered as: vi, € {30, 60} V, v, € {2, 5} V, and nominal

fs = 500 kHz using L = 6.6 pH, and the transformer
g 5 ® Discrete Time Model
B
30 \
g
Q
£ -2 :
= Experimental
0.8 1 12 1.4 1.6
4 x10°
< ® Discrete Time Model
)
o0 - |
= 59 . 4 . -
=l
>
s 3
&
3 s Experimental
’ 0.8 1 1.2 1.4 1.6
Time(Sec) x10°

Figure 9. Experimental validation of the model under steady state with Vi,
of 36 V, R of 1.2 Q2 and ® of 0.22. Time scale : 2 ps/div.

turns ratio N = 6, and C, = 185 pF. The high frequency

Hardware prototype of Dual Active Bridge converter including
the signal conditioning circuitry.

Figure 10.

transformer is made of printed circuit board (PCB) traces as
transformer winding with planar cores (FERROXCUBE make
E22/6/16/R-3F4 and PLT22/16/2.5/S-3F4). A four channel
high speed digital isolator (ADUM140D1BRWZ) is used to
isolate the gate signals to source and load side bridges. The
output voltage is sampled using an ADC (AD9215) once in
a switching cycle. The sampled inductor current and output
voltage using the proposed models are plotted with the test
results, collecting the .CSV files from oscilloscope as shown
in Fig. 9 at vy, =36 V, R=1.2Q, and & = 0.22. This figure
indicates a close agreement of the derived models with the test
results. Figure 11(a) demonstrates the transient performance of
the DAB converter using digital voltage mode control using
k, = 13.25 and k; = 0.5 for a step change in reference
voltage from 1.9 V to 2.7 V, and back at v;, = 36 V and
R =1.20. Figure 11(b) and (c) show the zoomed version of
the step-down and step-up transient respectively. Test results
are found to be consistent with the design requirements.

V. CONCLUSION

A discrete-time framework was proposed in a digitally
controlled DAB converter, and the accuracy of the proposed
models were verified through experimentation as well as using
SIMPLIS simulation. The proposed modeling extends natural
responses of the inductor current and the output voltage. These
models can be used to derive analytical stability conditions
and to obtain various small-signal transfer functions. The
proposed approach is simple and useful to other modulation
techniques of DAB converter as well as different isolated
DC-DC converters.
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Figure 11. (a) Reference transient from 1.9 V to 2.7 V with vj, of 36 V,
R of 1.2 Q, kp of 13.25 & k; of 0.5. (b) Zoomed version of (a) under step
down and (c) under step up reference transient. Time scale : 500 ps/div in
(a) & 20 ps/div in (b) & (c).
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