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Abstract— This paper describes a modular! architecture based
on the Dual Active Bridge (DAB) converter in input series,
output parallel (ISOP) connection. The work is focused on the
input voltage sharing to ensure a proper operation of each
module by means of an active control of input and output
voltages. A small signal model of the modular architecture is
proposed and a decoupled control loops scheme is used to
implement the control strategy. An experimental setup has been
built in order to validate the model of the DAB converter in
ISOP connection and the proposed control strategy, taking into
account different operating conditions and constructive
parameter values.

. INTRODUCTION

Modular or multi-cell approach is being explored in the last
years [1]-[7] as an alternative to increase the voltage and
current levels handled by the power converters, increasing
efficiency, reducing cost and enhancing output performance
like output ripple [1]. The combination of series connection of
the input ports and parallel connection of the output ports of
the converter (Input Series-Output Parallel, ISOP)
[2]1[4][5][6][8], enables high input voltage and high output
current converters with optimized operation. Besides the
technical advantages, the use of standard conversion cells to
build different power converters for a wide range of
specifications can lead to cost reduction by the effect of scale
economies.

Control in modular architectures becomes a key issue, since
a proper voltage and current distribution among the modules
must be ensured to achieve a safe and good operation
[21[4][71[8]. In the case of ISOP connection, the input voltage
and output current of each module must be kept within an
acceptable range, being the ideal the same values for all the
modules. Output voltage must be also regulated. Previous
works have addressed the problem of control in ISOP
configurations using different approaches. In [2] a combination
of voltage and current loops is used to distribute input voltages
in two modules; in [4] a charge control with an input voltage
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feedforward in used to control two full-bridge converters
sharing an input filter; in [7] a common duty ratio control is
used to ensure equalized operation, averaging the control signal
of different control loops; in [8] a decoupling technique to
control independently many ISOP full-bridge modules is
proposed.

One of the topologies that can be suitable for a modular
approach is the Dual Active Bridge (DAB) [9]-[26], especially
for high voltage applications. The DAB converter has been
used in high power [9][10][16][20][23][24][25] and medium
power [11][12][13][14][15][17][21][26] applications. The
DAB converter (Figure 1), is a bidirectional DC/DC converter
based on two active bridges interfaced through a high-
frequency transformer (with a great influence of its leakage
inductance), enabling power flow in both directions in case of
active load. The simplest way to control this topology is
switching each full bridge with a constant duty cycle of 50% to
generate a high-frequency square-wave voltage at its
transformer terminals (xvi, *V,) [21][22]. Considering the
presence of the leakage inductance of the transformer (with a
controlled and known value), the two square waveforms can be
properly phase-shifted. These two phase-shifted signals (v, and
V,) generate a voltage (v k) across the leakage inductance (L)
of the transformer and a certain current (i ) flowing through it
(Figure 1). This current is controlled by the phase-shift
between the primary and secondary voltages of the transformer
(v; and vy). The sign of the phase-shift controls the direction of
the power flow from one pair of terminals to the other, and
bidirectional power transfer can be achieved. Power is
delivered from the bridge which generates the leading square
wave.
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Figure 1 Schematic of the DAB converter
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This work is focused on the analysis of the ISOP
connection of three DAB converters (Figure 2). The goal is the
design of a control strategy to ensure a proper distribution of
input voltages, despite differences in the constructive
parameters of the modules, applying a decoupling technique
[8]. The main contributions of this work are the small signal
model of the DAB modular converter, the application of a
decoupling technique and the experimental validation of the
control strategy.

Figure 2 DAB converters in input series output parallel connection

The paper is organized as follows: in section Il the steady
state operation of the DAB converter is reviewed and the
problem of the ISOP connection is introduced; in section Il
the small signal model of the modular DAB architecture is
presented and the decoupled loops technique is applied to the
model; in section IV experimental results are reported: steady
state characterizations of the modular DAB architecture, small
signal model verification and control strategy validation.

Il. STEADY STATE CHARACTERIZATION

The basics operation principles and the key waveforms of
the DAB converter have been presented in [22]. In the analysis
presented in this reference, the DAB is controlled using the
Phase-Shift Modulation (PSM) strategy. As the inductor
voltage evokes the typical waveform of conventional PWM
converters, the control parameter will be called duty cycle “d”.
One of the major advantages of the DAB is the soft switching
operation of all the devices at nominal conditions. However,
when the power handled by the DAB is reduced, ZVS can be
lost. When V;,=V/n, ZVS is theoretically obtained in all the
operation range. Nevertheless, when V;#V./h, ZVS is not
obtained in all the power range. Other possibilities different
from PSM to control the DAB converter has been studied in
other works [13]-[19] to improve ZVS range, light load
behavior, etc.

The average model of the converter can be represented by
two current sources (Figure 3), one for the input current and
another one for the output current. The equations of the
average model of an ideal DAB converter ( 1), ( 2) and ( 3)
were presented in [22], where I, is the output average current,
I;, is the input average current (see Figure 1), T is half the
switching period, D (duty cycle) is the normalized phase-shift
between the switching signals of the input and the output
bridges ([22]), n is the transformer turns ratio, Ly is the
transformer leakage inductance, V, is the average output
voltage, V;,, is the input voltage and R is the load resistance.
Resistive load is considered in ( 3).

| 1

Figure 3 Steady state model of a DAB converter
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Equation ( 2) indicates that the output voltage and the input
current of a DAB are related by T, D, L, and n. However, in an
ISOP connection all the modules have identical output voltage
and input current (Figure 2), so if the modules are not exactly
identical and operating with the same D and T, there will be a
difference between the total input current (I;, in Figure 2),
defined by the connection of the modules, and the input current
of each module (i1, iin2, iin3). The current through the input
capacitors will not be zero, starting a runaway process where
only one module supports all the input voltage.

In practice, even though those parameters are not equal,
there is a proper steady state operation point, since the
converters do not behave exactly like ideal current sources, but
there is an equivalent output impedance. The distribution of the
power processed by the different modules depends on the
parasitic values of each converter, as in other multiconverter
structures, e.g. interleaved multiphase converters.

In a DAB modular converter there are two main advantages
of achieving a uniform distribution of the input voltage among
the modules (input voltage sharing). On one hand, the power
processed by the different modules must be almost the same, in
order to avoid oversizing the modules. On the other hand, ZVS
must be ensured in many applications. As it has been
previously said, the input voltage of each module can
determine the achievement of ZVS, and a uniform distribution
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of voltage ensures a wide operation range of all modules under
soft switching conditions. Even if an unequal input voltage
distribution were acceptable, it may yield a ZVS loss in some
modules, as it is shown in Figure 4, where three DAB
converters in ISOP connection have been simulated with
different values of the inductance L. In Figure 4 (upper plot)
the difference among the inductance values is £0.16% and it
generates a difference in the input voltage of 1%, having the
same ZVS behavior for the three modules. In case of a
difference of +1.6%, differences among input voltages are
around 10%, which can be an acceptable value. However,
Figure 4 (lower plot) shows that ZVS is lost for one of the
modules, with a deep impact over the system efficiency.

Input voltage mismatch=1.01%
3 Inductance mismatch=0.16%

Ly =1L
2 i /f,,,.« Lip. =L (1+.0.16%)
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Figure 4. Inductor current waveforms in a system with 3 DAB converters in
ISOP connection considering two different values for the inductance
mismatch

I1l.  DYNAMIC MODELING AND DECOUPLED
CONTROL LOOPS

Taking as starting point the average model of the DAB
converter (1) and ( 2), the equations corresponding to the
small signal model are (4) and ( 5) [21].

As one of the advantages of DAB converters is
bidirectionality, two operation modes can be considered: 1)
forward operation mode, where power goes from the side of
series connected ports to the side of paralleled ports; 2) reverse
operation mode, where power goes from paralleled ports to the
side of series connected ports.

The dynamics are different in case of an ideal voltage
source when compared to the resistive load. However, although
resistive load is assumed, the model and control strategy can be
also applied when the load is not an ideal voltage source, but a
voltage source with a series resistance, like a battery [22]. In
this case the dynamics is determined by the series resistance of
the voltage source.

iozgovi'ﬁin+god'd
v, V, - (1-2D) (4)

Govi =mi Yoa =m

lin = Givo " Vo t+ Gia - 4;

(5)

(¥ —

Figure 5 Average model circuit for DAB in ISOP connection.

A. Small signal model of DAB in ISOP connection (forward
operation)

The small signal model of the DAB converters in 1ISOP
connection is based on the small signal computations over the
averaged model of Figure 5. The assumptions considered for
this model are the following [27]:

o All the modules have the same values of Ly, n, T, and input
capacitors (C;; = Ci, = Ci3 = ().

o All the modules have a DC average value equal to 1/3 of the
input voltage (Vi = Vinz = Vinz = :ﬁ);

o All the modules have exactly the same duty cycle (D; =
D, = D; = D) in the operating point, though different
perturbations (d, # d, # ds) are considered.

The main equations of this model are summarized in ( 6)
and ( 7), where the perturbation of the input voltage of a given
module and the perturbation of the output voltage are obtained
from the perturbations of the duty cycle of each module,
respectively. Coefficients g,; and g;; are calculated from
expressions ( 4) and ( 5), where V,, is the total input voltage
and V, is the output voltage.
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1 1 (6) Figure 6, while Figure 7 shows the input voltage to duty cycle
Dinj = = Gia * (_. (dy +d, +ds) — a.) transfer function. They exhibit a good agreement, but the phase
Ci.s 3 of the simulated circuit is lower than the theoretical one at high
(7) frequencies. This is due to the time delay introduced by the
- (d +d, +ds) modulator in the simulated circuit, which was not taken into
° T RCs+1° 3 1T ; ;
s account in the theoretical one.

= Gya(s).(dy +dz + d3) B. Decoupled control loops

Output Voltage vs. Duty Cycle 1 (Vo /d1) Differences in the input voltage of each module in steady
60 o I AR state can appear when using a single control compensator for
b L ' Lo all the modules. In order to achieve a uniform distribution of
input voltages, several strategies can be considered. One of
them is to use (K-1) control loops for the input voltages and an
additional control loop for the output voltage, being K the
number of modules. For the sake of simplicity, only three
modules are considered in the calculations. The presented
procedure can be easily extended to a higher number of
converters.

R

Magnitude (dB)

Therefore, in the case of three modules, the controlled
quantities are Vi, Vinz and v, (Figure 5), while the control
variables are the duty cycles d,, d, and ds. Expressions ( 8) and
(9) relate the controlled quantities with the control variables in
the case of three modules, resulting in a MIMO (multiple input,
multiple output) system.

Phase (deg)

; (8)
Frequency (Hz) Din1 _ZA(S) A(s) A(s) Cfl Cfl
Umz A(s) —24(s) A(s) d,| =H(s)|d,
Figure 6 Bode plot of the G,q obtained by calculation and through simulation Gvd(s) Gvd(s) Gvd(s) ds ds
50 Input VoItage 1vs. Duty Cycle 1 (VL1/d1) 1 (9)
8 ol i i i A= 3059
40
3 The controlled quantities and control variables are very
&2 interdependent, and the conventional SISO (single input, single
= output) approach cannot be applied in this form. However,

applying the control strategy shown in [8], the system can be
manipulated in order to obtain three SISO systems.

The main idea is to define a new set of control variables
(X1, Xo and Xz, ( 11)) in such a way that the overall system can
be represented as three independent SISO systems. The
strategy is to decompose the original matrix H(s) as the product
of two matrices, one of them diagonal. In ( 10) a desired
diagonal matrix D(s) is proposed for this particular case. Note
that each element of the diagonal of D(s) is a common factor of
the corresponding row of the matrix H(s) in ( 8).

Phase (deg)

10 10
Frequency (Hz)
) SR . . 34(s) 0 0
Figure 7 Bode plot of the ¥;,,; /d, obtained by calculation and through
simulation Esimlulation with PSIM) H(s)=D(s)Y(s)=| 0 34(s) 0 Y(s) (10)
) _ ) 0 0  3Gvd(s)

The model has been validated by means of simulations ) ) )
using PSIM. The main values of the circuit parameters are: Expressions ( 8) and ( 10) can be manipulated in order to
total input voltage V=48 V, load resistance R=220Q, obtain a diagonal matrix that relies the controlled quantities
switching frequency f,,=100 kHz, inductance L,=6pH, and (Vint, Vinz and v,) with a new set of control variables (xi, X, and

transformer turns ratio n=8. The comparison of the theoretical X3), as shown in (11).
and the simulated output voltage to duty cycle is shown in
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rml} 34(s) 0 (11)

0 X1
ﬁinz = 0 3A(S) 0 . |:5C\2:|

D, 0 0 BGvd(s)] X3
Expression ( 11) is very attractive for control loop
calculations, since each controlled quantity depends only on a
single control variable, and each control variable affects only
to a single controlled quantity. However, a way to recover dj,

d, and d; from the new set of control variables is required to
implement physically the controller.

The relationship between the actual duty cycles and the
new set of control variables is given in ( 12) and ( 13)

2, 4 (12)
|:5C\2:| = Y(S) |:dA2“
Y~1i(s) = [ 0 -1 1}
1 1 1

Finally the true control variables d;, d, and ds; can be
calculated from Xy, X,, and X3, according with ( 14).

dA]_ fl _fl + 56\3
(22 = Y_l(s) . |:5C\2:| = _56\2 + £3 ( 14)
ds X3 X1+ X, + X3

Once the relationship among the control variables and
controlled quantities has been established in ( 11) and ( 14), the
block diagram of the control system can be presented. Figure 8
shows the control loops considering the new control variables
(X1, X5, and x3). Each of the three independent control loops is
composed by the plant transfer function, 3-A(s) and 3-
G,q(s), and the compensator transfer function C; (s) and C5(s)
respectively. The compensator selection and design can be
done using standard design techniques for SISO systems
considering the additional gains (sensor and modulator). In this
case Pl compensators have been used (see section 1V-C).

The output signals of the controllers in Figure 8 are the
fictitious control variables X;, X, and X3 Additional blocks
must be added in the implemented control to recover the
signals to be applied to the actual converters (d,, d,, and ds), as
shown in Figure 9.

An ideal model of the converters has been considered in the
described decoupling procedure. However, the method can be
applied using real models (e.g. measured frequency responses)
if two conditions are met:

Condition 1: The output voltage must have the same
dependence on all duty cycles (d;) (as in( 7)). Considering the
case of three modules ( 15):

d;=0 (15)

Condition 2: The transfer function of the input voltage of
one module respect its own duty cycle must be
proportional to the transfer function of the input
voltage of the same module respect the rest of duty
cycles (as in expression ( 6)). Considering the case of
three modules ( 16):

ﬁL'nl
] io0 - M 72 (16)
d,=0 d, |di=0 ds |di=0
&3=0 &3=0 &2=0

where M must be a constant, being in this particular case
M=-1/2.

With these conditions, the transition matrix Y(s) results in a
constant coefficient matrix, as described above. Otherwise the
transition matrix Y(s) would include transfer functions, and the
control scheme of Figure 9 would imply additional transfer
functions in the recovery calculations of control variables d

from x;.
in/3
HﬁH clsl ol 36 e v,
1
in/3
HﬁH cls) ol 346 v,
2

VLM?_.{ Cy(s) |X_3>| 3.Gy(s) I——> v

Figure 8 Block diagram considered for the calculations of the compensators

v;./3 —
of { Cyls) M - d
1
"
P ik T
2 + | d, ISOP in2
Loy ] g > v
Vo r C (S) ;+ °
L= X 1 d,

Figure 9 Block diagram considered for the implementation of the controllers

C. Effect of input capacitor mismatch

If one of the input capacitors has a different value, output
voltage is not affected, but only input voltage transfer function.
Based on the circuit of Figure 5, it can be derived that the input
voltage transfer functions are ( 17) and ( 18), assuming that the
input capacitance of module 1 is C;; = a - C;, and the other
modules have an input capacitance of C;. The relationship
among (dy, d, and dg) and (X, X,, and Xxs) is the same that in (
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14). The output transfer function G, is not affected by this
variation.

o Yia
Vin1 = m((dz + d3) - Zdl) ( 17)
= m3A($) * X1
~ Yia
Vinz = m((dl + ad3) - (1 + (X)d ) ( 18)

(a—1)
= 3A(s)x, + Tvinl

If ( 12)-( 14) are applied, the input voltage control loops
can be represented as Figure 10. The control loop of input
voltage 1, ¥;,4, is affected only by a gain equal to 3/(1+2a).
The control loop of input voltage 2, D;,,, is the same than in
the ideal case, but with a coupling term depending on ;.
This term can be considered as a perturbation that is rejected
by the control loop. For o=1.2, which corresponds to a
tolerance of 20%, the cross over frequency of ;,; loop
changes by a factor of 0.88 and the coupling term in the control
loop of ¥;,, is 0.067 times ¥;,,,. Therefore, the effect of input
capacitor tolerance has not a great impact in the control
scheme.

v. /3
S L o A e e
1

Vini
a—1
3

/3 R
“L§H qml;ﬂaAm|4%T»
2 Vin2

Figure 10. Input voltage control loops considering a mismatch on input
capacitors value

D. Reverse (bidirectional) operation mode

The reverse operation of the proposed modular DAB
converter corresponds to an IPOS (input parallel-output series)
connection. The average model of this configuration is
depicted in Figure 11.

The control strategy for this configuration is based on
controlling the total output voltage v, and the output voltage of
(K-1) modules. In the case of three modules, the controlled
guantities are Vo1, Vo and v,,.

As the input ports of every converter are connected to an
ideal voltage source, there is no interaction among them.

=

oy -

' fint o1 t Ci**\/Ol
IC27 + +

i e cip Yoo VooR

Igi +

fing o3 CiTV??’

Figure 11 Bidirectional behavior of the DAB modular converter: IPOS model

Therefore, the interest is focused in the analysis of the
series connected ports side.

The values of the dependent current sources in the
secondary side are ( 19) and ( 20).

o1 = goddAl; lo2 = goddAZ; lo3 = godaS (19)

Joa =T (20)
Expression ( 21) relates the current and voltages at the
output node of each converter.

lo1 = lp Tl

N o 21
Dp1Cis =Ty (21)

Adding the equations of the three modules, the perturbation
of the output current is obtained in ( 22):

3ty = goa(dy + dy + d3) — D,Cis (22)

Considering the relationship between the output voltage v,
and the output current i, perturbation ( 23), the output current is
obtained in ( 24).

3iO = god(dAl + dz + dA3) - iORCLS ( 23)
p=—J2 (g (dy +d, +ds) (24)
°  (3+RC(s)

For the converter 1, the output voltage perturbation is
expressed in ( 25) and ( 26).

1
Do1 = (fo1 — 1) - Cs (25)
i

God 5 Yod 5 5 5

Dpr =7 dy ——— ————=(d; +d, +d

=5 B s Garen Bt td)  (29)
The total output voltage perturbation is:

0093-9994 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2016.2527723, IEEE

Transactions on Industry Applications

_ YoaR - A -
"~ (B+RC(;s) (dl tdat d3) (27)

= Gvdz (S)(al + dz + &3)

Do

Therefore, the model of the modular converter in IPOS
connection is expressed in ( 28) and ( 29).

D01 A(s)  A()As(s) A()As(s)][da
Doz | = [A2(s)A3(s) Ay(s) Ay(s)A3(5)]|d,
D, Gvd,(s) Gvd,(s) Gvd,y(s) |ld,
d, (28)
= HZ(S) (22
ds
Joa 2+ RCis -1
A =—— A =
28 = 3T Re,s A2 T 3T Res (29)
Total Output Voltage vs. Duty Cycle 1 (,/d;) (reverse operation)
g T T TS
g 15 o Theoretical
g R
S 1w x Simulation
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%‘) P T T e e el
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10 10 10

10
Frequency (Hz)

Figure 12 Bode plot of the ¥, /d, obtained by calculation and through
simulation (simulation with PSIM)

Comparison between theoretical and simulation results are
shown in Figure 12, Figure 13 and Figure 14. In this case the
decoupling strategy cannot be strictly applied like in the case
of ISOP configuration, since condition Il ( 16) is not met.
However, the analysis of As(s) in ( 29) can provide design
criteria. If the frequency range considered for the control
design is lower than the frequency of the pole of As(s), this
term can be considered as a constant ( 30) and then the control
strategy proposed in the previous section can be applied.

-1 2
A3(s)z7ifs=jwandw<<ﬁ (30)
L

Output Voltage 1 vs. Duty Cycle 1 (1901/(31) (reverse operation)
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Figure 13 Bode plot of the D, /d; obtained by calculation and through
simulation (simulation with PSIM: dashed line; theoretical: solid line)

Output Voltage 2 vs. Duty Cycle 1 (1702/&1) (reverse operation)
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Figure 14 Bode plot of the D,,/d, obtained by calculation and through
simulation (simulation with PSIM)

IV. EXPERIMENTAL RESULTS

A modular DAB converter with 3 modules has been
designed and built in order to test the control approach
presented in this paper. The main characteristics of the modular
converter are summarized in Table 1, and the experimental
setup is shown in Figure 15. The control stage has been
implemented with an FPGA and three ADC (analog to digital
converters), and it includes a modulator for each module
(generation of control pulses) and compensators, allowing open
loop or closed loop operation. The use of an FPGA s justified
in this case by the high number of control signals to be
generated. Although the control can be implemented with
analog circuitry, the FPGA provides flexibility for prototype
testing.
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Table 1 Characteristics of the modular converter

Nominal Total input 100V Nominal output 250V
voltageVi, voltage Vo
Input capacitance 490 uE Output capacitance 1.5 uF
(per module) (per module)
Inductance Ly 3.6 HH Load. minimum 67 Q
(nominal) resistance R
o . . 1:7
Switching frequency 100 kHz | Transformation ratio n .
(nominal)

Figure 15 Picture of the experimental prototype of three DAB converter in
ISOP connection

A. Input voltage mismatch illustration (open loop operation)

In order to illustrate the influence of different parameters in
the input voltage distribution for the DAB with ISOP
connection, the measured input voltage distribution in steady
state is shown in Figure 16 and Figure 17. These results
correspond to the actual prototype where components are
intended to be equal among the modules (leakage inductance,
transformation ratio, effective duty cycle, etc), but their actual
values exhibit some dispersion due to the tolerance of
components.

(a) Normal operation (D1=D2=D3=0.2)
=4—\inl —@-Vin2 Vin3

1.3
1.2

1.1 o S

0.9
0.8
0.7

Normalized input voltage

20 40 60 80 100
Total Input Voltage

(b) D1=0.206 D2=D3=0.2
——Vinl —@-Vin2 —4-Vin3

13
&
g 12
S 11
5 S~~~
i 1 ET— *
= o A A
T 09
L
TEB 0.8
5 07
z 20 40 60 80 100

Total Input Voltage

Figure 16 Input voltage distribution in an actual prototype with 3 modules. a)
All duty cycles have the same value b) Increasing of duty cycle has been
applied in module 2. ¢) Duty cycle distribution is modified to compensate

module differences.

The plot in Figure 16 represents the input voltage of each
module (Vin1, Vine and Vi,3) normalized to the ideal value (one
third of the total input voltage) versus the total input voltage,
with R=80 «. In Figure 16a) the three duty cycles D1, D2 and
D3 have been set to the same value. Note that the higher the
input voltage, the higher the relative difference in the input
voltage. However, the trend is to achieve a constant relative
difference although the total input voltage increases. In Figure
16b) a slight variation of the duty cycle of one module has
been applied in order to compensate the deviation from the
average of the input voltages. In this case, D1 has been
changed to compensate the dispersion of other values (leakage
inductance, transformer voltage ratio, etc.)
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B. Verification of the model
In order to assess the applicability of the described control

(a) Additional Lk 10.2% (module 2)

—¢—Vinl —@=Vin2 —4=Vin3 strategy to an actual prototype, frequency response of the DAB
o 15 converters in ISOP connection (forward operation mode) has
g 13 been measured with a frequency response analyzer (FRA). The
S prototype of Figure 15 is controlled by the FPGA in open loop.
3 11 f R R N R Control pulses for modules 2 and 3 are generated with a fixed
£ 09 5 — 5 4 = duty cycle, while the duty cycle of module 1 is perturbed by
g o7 adding the signal generated by the FRA oscillator to an offset
g voltage.
£ 05 .
z 20 40 60 80 100 Output voltage to duty cycle response (¥,/d;) is shown in
Total Input Voltage Figure 18. This response is a first order system with an

additional delay (phase loss) due to the modulator. The
measurement result has been corrected taking into account the
attenuation of the probes, the gain introduced by the ADC and
——Vinl —@-Vin2 Vin3 modulator (58 dB of overall attenuation). A time delay equal to
5 ps has been taken into account in the model computation.

(b) Additional Lk 18.6% (module 2)

1.5 . .
go L___._,_._——I———l Measurements agree with the model over a wide frequency
£ 13 range.
s 11
g 09 b ——vo/d1 (measured) = vo/d1 (model)
° 1 ~ - & »
E 0.7 60
© —
£ 0.5 m 50 SEEEEEE NENEERmyy
S ‘ z
z 20 40 60 80 100 o 40
Total Input Voltage g 30
S 20
Figure 17 Input voltage distribution in an actual prototype with 3 modules. All § 10 \"".;
modules have the same duty cycle D=0.2. a) An additional leakage inductance
equals to 10,2 % of the nominal value has been added in module 2. b) An 0 \ \ \
additional leakage inductance equals to 18.6% has been added in module 2. 10 100 1000 10000
The influence of the leakage inductance is illustrated in frequency (Hz)
Figure 17. The leakage inductance of module 2, which in the
implemented prototype is an additional physical component,
has been increased by adding a new ferrite core to the wire that ——vo/d1 (measured) = vo/d1(DEG, model)
connects the inductor to the PCB. If an additional leakage 0 ‘ ‘ ‘
inductance of 10.2% of the nominal value is added in module
. . ] 10 100 1000 10000
2, the input voltage distribution changes (Figure 17a)), -50
compared to the initial situation (Figure 16a)). Module 2 has g
now the higher voltage of the three modules in all the input T -100
voltage range, and the difference among the input voltages is 9 150 =
higher: +19.4%, -13.4%. If an additional leakage inductance g ) \
equals to 18.6% of the nominal value is added to module 2, 200 \
Figure 17b), the input voltage distribution has the same trend:
module 2 has the higher input voltage (+44.1%) while module -250
3 is lower voltage (-24.5%). frequency (Hz)
. Thes_e e_xperir_nents illustrate  the issue of _voltage Figure 18 Frequency response of the actual prototype. Output voltage to duty
distribution in series connected DAB converters. Since the cycle transfer function.

input voltage distribution depends on the random dispersion of
the value of some elements, control loops over the input
voltages should be used to ensure a proper input voltage
sharing.
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Figure 19 Input voltage to duty cycle transfer functions.

Moreover, variations of the input voltages of each module
have also been measured, with the same setup. In this case the
focus is on the transfer function of the input voltage to duty
cycle (9y,/d;). The described control approach assumes that
the transfer function of input voltage to its own duty cycle must
be proportional to the transfer function of input voltage to other
duty cycle ( 16). In order to validate this condition, duty cycle
of module 1 has been perturbed. Figure 19 shows the
amplitude and phase plot of the transfer function, where a
constant difference of 6 dB in magnitude and 180° in phase is
obtained in a relatively wide frequency range (up to 5 kHz) and
therefore the decoupling loop technique can be applied. In this
case, it is more important the relative difference among the
input voltage transfer functions than the perfect match with the
theoretical model. Transfer functions have been measured for a

total input voltage of 100 V, R=80 @, and nominal D equal to
0.2.

C. Proposed control strategy validation (closed loop
operation)

In this paper, experimental verification of the proposed
control strategy applied to the modular DAB converter is
reported.

P1 controllers have been used as compensator (C1(s) and
C3(s) in Figure 8 and Figure 9). They have been described in
VHDL and adjusted specifically for this experimental setup.
The control law has been implemented by the difference
equation ( 31).

X, =Ge e, +Gel-e_q + x4 (31)

Where e, and ej,_; are the samples of the error signal, and
X_1 IS the last value of the control signal. Ge and Ge-1 are the
coefficients of the compensator. For the input voltage control
loops, Ge=0.06097412109375 and Gel=-0.060958 with
sampling period of 5 ps and overall constants (ADC,
modulator and sensor) K=0.0045. In the case of the output
voltage control loop, Ge=0.6181640625 and Gel=-
0.58984375, with the same sampling period and overall
constants Ko=5.0967e-4. Compensators have been adjusted to
obtain a cross over frequency equal to 4 Hz for the input
voltage control loops and 200 Hz for the output voltage control
loop.

In order to show the suitability of the control strategy,
intentional mismatch among the modules has been induced,
modifying the leakage inductance in module 2, as explained
before. This causes a difference among the modules in such a
way that with identical duty cycles the conversion ratio for
each module is different, and then the input voltage distribution
is not uniform This distribution should be uniform using the
proposed control strategy.

Results corresponding to an output power value of 950 W
are presented in Figure 20. In Figure 20a) the input voltages
with no additional component in the modules are shown. Only
the output voltage is controlled and all modules receive the
same control signal. In this case, the maximum difference is
found at the lower input voltage. While module 1 has 117.5%
of the ideal input voltage, module 2 has 84.7% of the ideal
input voltage.

The results with an additional inductance (370 nH, i.e.,
10.2% the nominal value) in module 2 are shown in Figure
20b). In this case, the difference becomes higher: module 2 has
154.5% of the ideal input voltage and module 3 has only
64.7% of the ideal input voltage.

The results obtained using the proposed control approach
with additional control loop for vj, are shown in Figure 20c). In
this case, module 2 has also an additional leakage inductance
equal to 370 nH. The maximum relative difference is 5.3% for
module 3. Additional tests for a lower power and a higher
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additional inductance shows also a good distribution of the
input voltages, with a relative difference lower than +-2%.

(a) Only Vo control loop NO additional Lk

P=950 W
o —A—Vinl —=@-Vin2 Vin3
EP 60
§ 1.
£ 1.40
a
£1.20
® H_‘ﬂﬂﬁ_‘
100 m &
) _ °o—0—@ O
2080 —=
-l
0
= 0.60
©
g 70 80 90 100 110 120
2 Total Input Voltage Vin

(b) Only Vo control loop
P=950 W Additional Lk=370 nH
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1.00
0.80 —.é‘_‘j‘-;
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(c) Vin, Vo control loops
P=950 W Additional Lk=370 nH
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Figure 20 Input voltage distribution for single control loop of the output
voltage (Only V, control) and the proposed control strategy (Vin, V, control
loops). a) No modification on the modules, control of V,. b) Additional Ly in
module 2, control of V,. c) Proposed control strategy (control of Vi, and V,)

with additional Ly in module 2.

Loop gains have been measured, in order to compare with
expected theoretical predictions. In Figure 21 the measured
open loop gains are shown for Vin=100V, Vo=250V and
R=67Q. The theoretical response has been obtained using the
model measurements and the theoretical compensator
response. Note that measurements have been taken with the
three control loops in operation. The low frequency response is
difficult to measure due to the limitation of the injection
transformer used in the measurement setup. In the range where
the measurement is valid, expected results match the
experimental data.

(a) Input voltage control loop: Open Loop Gain (magnitude)

x Measured OLG ——Measured Gvi, theoretical compensator
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(b) Input voltage control loop: Open Loop Gain (phase)
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(c) Output voltage control loop: Open Loop Gain (magnitude)
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(d) Output voltage control loop: Open Loop Gain (phase)
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Figure 21 Measured vs. theoretical open loop gain for input voltage loop (a

and b) and for output voltage loop (c and d)
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Figure 22 Waveforms of inductor currents (l.x) with an additional leakage
inductance in one module. a) Only the output voltage is controlled and all
module share the same duty cycle. b) Proposed control loop strategy. Channel
1: I« Module 1, Channel 2: 1.« Module 2, Channel 3: I« Module 3 and
Channel 4: output voltage

In order to illustrate one of the effects of non-uniform
voltage distribution two tests have been carried out in the
following conditions: the input voltage is 80 V, the output
voltage is 250 V, the output power is 800 W and module 2 has
an additional leakage inductance of 670 nH.

In the first test, controlling only the output voltage and
applying the same duty cycle to all modules, a non uniform
distribution of the input voltages is obtained (Vin1=14.88 V,
Vin2=50.6 V and Vin3=14.68 V) as expected. The waveforms
of the current through the leakage inductance are shown in
Figure 22a), where module 1 and module 3 are near from
losing the ZVS condition[22], due to the values of the inductor
current in the switching instant .

In the second test the proposed control strategy is applied to
the three modules, obtaining a more uniform input voltage
distribution (Vin1=26.6 V, Vin2=26.3 V and Vin3=27.04 V).
In this case, the waveforms of current through the leakage
inductance (Figure 22b)) are similar. In this case the ZVS
condition is clearly met for all modules.

V. CONCLUSIONS

A modular architecture based on DAB converters in ISOP
connection has been studied in this paper. One of the main
concerns in ISOP modular architectures is a proper input
voltage sharing among the DAB modules, since small
differences among each module can result in large differences
in the input voltages distribution. Therefore, the control
strategy must ensure a proper distribution of input voltages in
order to: 1) ensure that all the modules process the same power
and it is not necessary to overrate them; 2) guarantee ZVS
condition of each module in a wide range of operation
(especially in the case of DAB modules using PSM).

A small signal model of the modular DAB converter has
been derived from the model of a single module. Considering
the modular converter from an external point of view, it
behaves like a single converter controlled by the addition of the
control signal of all modules. However, from an internal point
of view, the input voltage of each converter depends in a
different way on its own control signal that on the rest of
control signals. Therefore, the regulation of the input voltages
and output voltage depends on all duty cycles at the same time.

In order to decouple the control loop, a classical control
scheme oriented to the ISOP architecture has been applied to
control the output voltage and the input voltages. Applying a
technique of decoupling control loops, based on combining the
output signal of the compensators, a much simpler control
scheme is obtained.

The proposal has been tested on a laboratory prototype. The
model of the modular system has been validated by measuring
the small-signal functions while operating open-loop. Then the
proposed control strategy has been implemented and tested. On
one hand, open loop gains have been measured. On the other
hand, steady state measurements have been performed varying
the total input voltage, considering different load levels and
modifying the leakage inductance of one module to illustrate
the component value dispersion. The results show that the
distribution of the input voltages is uniform for various
operating conditions and for different values of the
constructive parameters of the modules.
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