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Abstract—In a typical data centre application, utilization of
DC distribution system by generating a HV-DC bus (800V)
is becoming increasingly popular for improved distribution
efficiency. For this, the Dual Active Bridge (DAB) converter is
increasingly being considered for the isolated DC/DC converter
stage. One important requirement of such an application is
the tight regulation of output HV-DC bus (V,) irrespective of
load and input DC voltage changes. In this paper, a input and
output voltage feed-forward based control scheme is proposed,
considering the power flow analysis from both primary and
secondary sides. The proposed feed-forward method is found
to be inherent in a DAB converter operation. The proposed
feed-forward method is incorporated in the traditional two-loop
control of DAB converter. Through analytical, simulation studies
and experimental validation, the proposed scheme is compared
against two loop control and is found to have improved the
transient performance of the DAB converter.

Index Terms—Dual Active Bridge, Two loop control, Feedfor-
ward, High Frequency Transformer, Data center applications,
Tight voltage regulation.

I. INTRODUCTION

With increasing demand for data centre servers driven by
internet based devices (IoT) and cloud computing, there is an
increase in power requirements in a typical data center [1].
To improve the distribution efficiency, using a 800V common
DC bus across servers is being increasingly considered [2]. To
generate such a DC bus, Dual Active Bridge (DAB) converter
is an attractive option [2]. DAB based configurations have
wide range of advantages such as zero-voltage switching, high
power density, bidirectional power flow, and its suitability
for various applications such as automotive, energy storage
systems, and power electronics transformers in railways and
data center loads [2], [3]. However, one important requirement
of such a data center is tight regulation of output DC bus
irrespective of load and input voltage variation to provide
reliable power for downstream power electronic converters.
To meet this requirement, several control methodologies have
been proposed which aid the existing two loop DAB control
by improving the transient response of the DAB system [4]—
[9].

In [4], a linearized dynamic model of the DAB converter is
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discussed which employs a harmonic modelling strategy to
accurately predict its transient response to voltage and load
changes. However, implementing feed-forward compensation,
as described, can be challenging in real-time implementation.
A Hybrid Phase-Shift Control method for a Dual-Active-
Bridge Converter is discussed in [5], combining both feed-
back and feed-forward control mechanisms. However such an
approach necessitates the predetermined phase shift angle, 4,
contingent upon the load resistance, R;. However, if Ry, is
inaccurately determined, it can vary delta, leading to imprecise
phase shifting.

Additionally, a Virtual Direct Power Control scheme has been
demonstrated in [6] to compensate for power differences
resulting from losses and voltage drops in power switches,
ensuring fast dynamic response. In [7], a double-band peak
current control method has been discussed to prevent trans-
former saturation in DAB converters, along with implementing
feed-forward compensation for rapid response during voltage
regulation. In [8], a sensor-less feed-forward current control
approach has been demonstrated. In [9], a DAB converter
featuring average current mode control for output current and
voltage regulation has been presented, enhancing dynamic
voltage response to load changes. However, these studies
primarily focus only on output variations.

In this paper, an input and output voltage feed-forward method
aimed at improving the control dynamics in DAB converter
system is proposed. Since, the power flow in a DAB converter
operation is based on phase shift between input and output
voltage sources, the power flow considering the dynamics of
the two voltage sources is analysed. This power flow study
resulted in a input and output voltage feed-forward terms in the
traditional two loop control of DAB converter. The proposed
control is found to have improved the dynamic response of
DAB converter system as compared to traditional two loop
control.

II. DAB CONVERTER SPECIFICATIONS AND TRADITIONAL
CONTROL STRUCTURE

The HV-DC bus of a typical data center is fed from a
AC/DC PFEC stage followed by an isolated DC-DC converter



stage. For such a system, the input DC voltage of the DAB
converter, V;,, is regulated by the PFC stage and the output
voltage, V, is regulated by the DAB converter. For such a
system, tight regulation of output DC bus is necessary. The
specifications of the DAB converter under study is shown in
Table. I.

TABLE I: DAB converter design parameters.

DAB converter parameter Value
Nominal power rating 8.15kW
Operating switching frequency 34kH z
Input voltage 960V
Output voltage 738.46V @ m =1

TABLE II: High Frequency Transformer (HFT) details

High Frequency Transformer details Value
Pri. turns, Np, Sec. turns, Ny 54, 42
Turns ratio, n 1.3
Primary leakage inductance, L, TuH
Secondary leakage inductance, L 206 H
Onom @ 5.8kW 41.66°
Operating flux density, By, 0.23T

Fig. 1: Typical DAB converter circuit indicating power flow.

Fig. 1 represents a typical DAB converter. It consists of
full-bridge switch structure for both primary and secondary
bridges. Switches Skqq1-Skada cOmprise primary side devices
and S}, 41-S1..q4 comprise secondary side devices. Input volt-
age is close to 900V, and output voltage is 700V, connected
to a HV-DC bus of a data center. The design power level
of the DAB is at 8.15kW. The DAB converter primary and
secondary bridges are switching at 34kHz. The converter
is modulated using Single Phase shift (SPS) modulation.
Although in a typical data center DC bus is 800V, due to
availability of suitable HFT, the operating DC bus considered
for this paper is at 700Vy,. Table. II indicates the design details
of HFT used. The series inductor referred to primary is as
shown in (1). n represents the transformer turns ratio. The
leakage distribution is L, = 7uH leakage on primary and
Ls; = 205 H on secondary side of the HFT. At nominal
power, the HFT design is such that d,,,,, is 41.66°. The other
HFT details are listed in Table. II.

Fig. 2 indicates the traditional two-loop control structure
utilized for DAB control. It consists of an outer voltage
loop and inner current loop. The outer voltage loop regulates
the load DC bus. Fig. 2 indicates the voltage controller and
the corresponding voltage loop plant. Since, DAB comprises
of two voltage sources interacting with one another, with

Voltage Current Current loop  Voltage loop
controzl:ier controller plant plant
y 4 { - i 6 g i_ Ry, Vo
Vu by PI 0 f/ (1(";) f (6) o = N(",,RI/ ‘

Fig. 2: Control block diagram indicating two loop control of
DAB converter.

power flow controlled through phase and voltage differences
as shown in (1), inner current loop comprises of non-linear
quadratic relation between per-unitized current reference, i,
and DAB angle, §, shown in (3). The formulae for current
controller and plant indicated in Fig. 2, is as shown in (1-4).
In equations listed in (1-4), 7 has been normalized to 2 for
ease in digital implementation as discussed in [10].
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III. PROPOSED VOLTAGE FEED-FORWARD BASED
METHODOLOGY FOR DAB CONVERTER

The equations (1-4) consider power flow in steady state
conditions, with regulated voltage sources on source and load
sides. In this section, the power flow is analysed with dynamics
of source and load side voltages included. For this, the
transformer model is considered with its various components
referred to primary and secondary sides as shown in Fig. 3. In
Fig. 3, although the magnetizing inductance L, is considered,
its effect on the analysis is negligible since it is at least ten
times greater than the leakage inductance.

Vin 20

Fig. 3: Transformer model with components referred to pri-
mary and secondary sides

A. Analysis of power flow from primary and secondary sides
of HFT

Considering the power flow from primary to secondary side
and all the components of the transformer referred to primary
side, the power flow equation is as shown in (5). In (5), v, is
the per-unitized input voltage w.r.t. primary base voltage, V;,s.

Similarly, @/ is the per-unitized load side voltage referred to
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primary side. The primary side source current, %, obtained
based on (5), is as shown in (6). The base current of the
primary side, I, is also shown in (6). The per-unitized source
current, 4,, is as shown in (7). It can be seen that, 7, is a
function of #/, and 4. The power transfer inductance utilized
for power flow referred to primary side, Ly, is indicated in

(8).
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Similarly, referring the primary circuit to the secondary side
of the transformer, the power flow equations is as shown in
(9). Here, v}, is the per-unitized source voltage referred to
secondary side and per-unitized w.r.t. secondary base voltage,
Vop. Also, v, is the per-unitized load voltage, per-unitized w.r.t.
secondary base voltage, V. i, is the load current and ¢, is
the per-unitized load current w.r.t. secondary base current, /.
It can be seen from (11), is is a function of ¥/, and §. The
power transfer inductance utilized for power flow referred to

primary side, Ly, is indicated in (12).
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n n

Since, per-unitized currents on primary and secondary sides
are same, adding (7) and (11) gives relation between iy, ¢, ¥},
and ¢/, which is shown in (13).
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Solving (13) for 6 would give a relation as shown in (14).
2i,
(V] + )
Based on the relation derived in (14), the modified control
block diagram indicating outer voltage and inner current loop

incorporating the input and output voltage feed-forward terms
is as shown in Fig. 4.

[0, 0, 03,) =0 =1 — (14)

Current
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Current loop
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Fig. 4: Control block diagram of proposed feed-forward con-
trol

B. Performance analysis of the proposed feed-forward method

1) For input voltage reduction: For an input voltage re-
duction, AV;,, since the load requires same power P,. This
results in reduction in load bus voltage, v,. In a typical
two loop control, the DC bus voltage control would increase
i, and 0 to regulate the DC bus voltage. In the case of
feed-forward method discussed in previous subsection, along
with V,, control, the feed-forward terms @}, and o, reduces,
resulting in increase of DAB angle ¢ during the transient
period. This improves the dynamic response of the voltage
loop ensuring tight regulation of the load DC bus.

2) For output voltage reference increase: In the case of
a output voltage reference increase, AV.", the corresponding
P;,, has to increase to meet the increased load demand. In
a typical two loop control, this results in increased error in
the voltage loop, resulting in increase in i, and J. However,
in the proposed feed-forward method, along with V,, control,
due to increase in V. which is V,, 0, term reduces, causing
higher increase in delta during transient periods. This results in
faster settling times as compared to the two loop control. From
the control perspective, only output voltage is a state variable
which is to be tightly regulated. By incorporating the dynamics
of input and output voltages, the proposed control achieves
faster settling times and thus ensures tighter regulation of load
DC bus.

It should be noted that during steady state operation, feed-
forward terms v;, and v, would be equal to 1, resulting in
control relation given in (14) to be same as (4).

3) Comparison of two controls in linear region of oper-
ation: For a typical two loop control, for § < 30°, in the
linear region of operation, the relation between ¢ and i, is as
shown in (16). Similarly, for the proposed control, the relation
between § and i, is as shown in (17).

v5§30°,20<<1,\/1—1):1—%”—%0—.... (15)
v5g30°,5:1—\/1—ioz%" (16)

2, i
§=1—,/1—- —% _=__°2 _ 17
R AT R e

It should be noted that, if input voltage source is a stiff voltage
source, the § — i, relation shown in (14) can be simplified to
the form as shown in (18). Similarly, if the output voltage
dynamics are to be handled only by the voltage loop control,
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but not using the feedforward term, o/, the simplified relation
considering only the input voltage dynamics is as shown in
(19).

20
(1+))

d=1- (18)

19)

The performance analysis discussed in this subsection is
substantiated with simulation studies carried out using both
MATLAB-SIMULINK simulation tool and experimental vali-
dation. The performance comparison with two loop control is
discussed in the sections. IV and V.

IV. SIMULATION RESULTS

TABLE III: DAB converter operating details

DAB converter operating parameter Value
Power rating 5.8kW
Switching frequency, fsqw 34kHz
Input voltage, Vi, 900V
Output voltage, V, 700V @ m = 0.9485
Load resistance, Ry, (for expt.) 82.35%)
ARM based TM4C1294NCPDT
Control platform -
processor
Sampling frequency fsamp 8.5kHz
Control Bandwidth, fgy, 10H =

The DAB converter’s operating conditions for simulation
and experimental studies is as shown in Table. III. Although,
the system’s nominal power rating is at 8.15kW, the simula-
tion results are discussed at 0.711p.u. and for a step in input
and output voltage references of 50V . This is to ensure system
operates in linear region which helps compare the performance
of the two controls. SPS modulation is used for both the
controls.

Step change in input voltage, V;,

Fig. 5 compares the performance of traditional two loop
DAB control with proposed control incorporating the voltage
feed-forward terms. For a step change in input voltage of 50V,
for the same power demand, V, dip is shown in Fig. 5(a)
and (b). However, due to V;,, and V, feed-forward, the dip in
V, is significantly lower than the two loop control indicating
a improvement of 86% in settling time. The variation of
resulting current reference, i7, and DAB angle, § is shown
in Fig. 5(a) and Fig. 5(b) respectively.

Step change in output voltage reference, V'

Fig. 6 compares the performance of the two loop DAB
control with proposed control incorporating the voltage feed-
forward terms. For a step change in output voltage reference
of 50V, for the same load resistance, Ry = 82.35(2, V,, rise is
shown in Fig. 5(a) and (b). However, due to V;,, and V,, feed-
forward, the rise in V, is significantly lower than traditional
two loop control indicating a improvement of 85% in settling
time. The variation of resulting current reference, ¢7 , and DAB
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Fig. 5: Simulation studies indicating the comparison of tran-
sient performance with and without voltage feed-forward
method indicating (a) output voltage V, and load current ref-
erence 77, dynamics, (b) output voltage V, and corresponding
DAB angle § dynamics for input voltage reduction of 50V .

angle, § is shown in Fig. 5(a) and Fig. 5(b) respectively. Both
outer voltage loop and voltage feed-forward term contributes
to DAB angle, improving the efficacy of the control.

V. EXPERIMENTAL RESULTS

In this section, the performance of the proposed feed-
forward control is verified on an experimental setup whose
hardware and control parameters are shown in Table. III. The
control is implemented on a ARM based TM4CI1294NCPDT
digital control platform. It should be noted that the sampling
frequency, fsqmp for the experimental verification is 8.5kH z

sw

which is . This is due to the limitation in the processing
capability of the control platform utilized. The control band-
width is restricted to 10H z with a phase margin of 60°, owing
to low sampling frequency, fsamp-

The waveform data is obtained in Tek MDO34-DSO, which
is plotted using MATLAB tool for comparing the control
performance between two loop DAB control and proposed
feed-forward control. The comparative waveform are shown
in Figs. 7 and 8 respectively.

The internal control variables such as DAB angle, § and
output current reference, ¢7, are obtained by channelling
the respective parameter using PWM waveforms. This is
due to the non-availability of DAC modules on the utilized
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Fig. 6: Simulation studies indicating the comparison of tran-
sient performance with and without voltage feed-forward
method indicating (a) output voltage V, and load current
reference ¢7,, dynamics, (b) output voltage V,, and correspond-
ing DAB angle § dynamics for output voltage reference step
increase of 50V.

control platform. The obtained PWM waveforms are sampled
and averaged using a Moving Average Filter (MAF) whose
sampling frequency is fsamp. The obtained per-unitized data
is scaled as per appropriate bases, indicating the change in
DAB angle and load current reference for a step change in
V¥, which is as shown in Fig. 8(a) and Fig. 8(b) respectively.

Step change in output voltage reference, V'

Similar to simulation results discussed in section IV, for
the experimental verification, a step change of 50V in V
from 650V to 700V is considered. The load resistance, Ry, of
82.35%2 is kept constant before and after the voltage transient,
as indicated in Table. III. Fig. 7(a) compares the performance
of two loop DAB control with the proposed feed-forward
control incorporating the voltage feed-forward terms. In the
case of a conventional two loop DAB control, the analytically
calculated 2% settling time for the voltage loop is 100 ms.
This is found to be very close to experimentally realized
settling time of 112 ms. However, using the proposed feed-
forward control, an improved voltage settling time close to
60 ms is realized. Also, the voltage dynamics are more
restrained as compared to two loop DAB control for the
same controller gains used. The voltage dynamics and settling

times observed in the experimental results are similar to those
explained in simulation results, as shown in Fig. 6(a).
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Fig. 7: Comparison of transient performance of voltage feed-
forward method and two loop DAB control indicating (a)
output voltage V,, dynamics, (b) and the corresponding output
current, ¢, dynamics for output voltage reference step increase
of 50V.

The corresponding variation in output current, ¢, for a step
increase in V" is also shown in Fig. 7(b). Since a resistive load
is used, the voltage and dynamics and current dynamics are
similar. It can be seen that the output current dynamics and
settling times match closely with that of the output voltage
variation shown in Fig. 7(a).

Similarly, the variation in current reference, 77, for the V'
step is as shown in Fig. 8(a). The initial jump in current
reference can be observed for both two-loop control as well
as in the proposed feed-forward control. This is due to output
of proportional controller gain, K, for a step change in output
voltage reference. The current reference for the case of feed-
forward control is also observed to be more restrained as
compared to that of the two loop DAB control. This results in
an improved output voltage dynamics resulting in a stiff output
bus voltage. Similarly, the variation in DAB angle, § for both
two loop control and the proposed feed-forward control is as
shown in Fig. 8(b).

Since, the DAB angle is related to the current reference,
i}, through a quadratic relation, the dynamics of § match
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Fig. 8: Comparison of transient performance of voltage feed-
forward method and two loop DAB control indicating (a)
output current reference 7, dynamics, (b) and the correspond-
ing DAB angle, § dynamics for output voltage reference step
increase of 50V.

0.04

closely with that of 77 . Since the voltage dynamics are more
restrained in the case of feed-forward control, the correspond-
ing voltage loop control’s output, i}, is also restrained as
compared to that of two loop control as shown in Fig. 8(a).
It should be noted that, the dynamics shown in experimental
results provided in Figs. 8 and 7 match closely with the
simulation results shown in Fig. 6. It can also be seen in
Fig. 8(b), that the steady state DAB angles observed before
and after the voltage transient are close to the analytical and
simulation based DAB angles obtained from the power flow
equation as indicated in (1). This indicates that an accurate
digital implementation of both the controls in comparison is
carried out.

VI. CONCLUSIONS

In this paper, a feed-forward configuration that is inherent
to the DAB converter is elucidated. The feed-forward method
can be incorporated in the existing two loop control of
DAB converter. The proposed control shows improvement in
voltage control settling time by 86% as compared to two loop
control for a control bandwidth of 10H z resulting in enhanced
dynamic performance. The performance is evaluated using

simulation studies for output voltage reference change which
are also corroborated by experimental verification. Simulation
studies are also carried out for the case of input voltage change,
where the proposed control is found to improve the voltage
settling times by 86% as compared to two loop DAB control.
Therefore, the proposed feed-forward control would be very
much suitable for systems where tight regulation of output DC
bus is critical such as in a datacenter HV-DC bus.
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