<]
TUDelft

Delft University of Technology

Power Flow Decoupling Controller for Triple Active Bridge Based on Fourier
Decomposition of Transformer Currents

Purgat, Pavel; Bandyopadhyay, Soumya; Qin, Zian; Bauer, Pavol

DOI
10.1109/APEC39645.2020.9124006

Publication date
2020

Document Version
Accepted author manuscript

Published in
APEC 2020 - 35th Annual IEEE Applied Power Electronics Conference and Exposition

Citation (APA)

Purgat, P., Bandyopadhyay, S., Qin, Z., & Bauer, P. (2020). Power Flow Decoupling Controller for Triple
Active Bridge Based on Fourier Decomposition of Transformer Currents. In APEC 2020 - 35th Annual IEEE
Applied Power Electronics Conference and Exposition (pp. 1201-1208). [9124006] (Conference
Proceedings - IEEE Applied Power Electronics Conference and Exposition - APEC; Vol. 2020-March).
Institute of Electrical and Electronics Engineers (IEEE). https://doi.org/10.1109/APEC39645.2020.9124006

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/APEC39645.2020.9124006
https://doi.org/10.1109/APEC39645.2020.9124006

Power Flow Decoupling Controller for Triple
Active Bridge Based on Fourier Decomposition of
Transformer Currents

1** Pavel Purgat 2" Soumya Bandyopadhyay

3" Zian Qin 4™ Pavol Bauer

Electrical Sustainable Energy Electrical Sustainable Energy Electrical Sustainable Energy Electrical Sustainable Energy

TU Delft TU Delft
Delft, The Netherlands Delft, The Netherlands
p-purgat@tudelft.nl s.bandopathay-2 @tudelft.nl

Abstract—This paper proposes a power flows decoupling con-
troller for the triple active bridge converter. The controller is
based on a full-order continuous-time model of the TAB con-
verter derived using the generalized average modelling (GAM)
technique. GAM uses the Fourier series expansion to decompose
the state-space variables into two components, which represent
the active power and the reactive power. The controller uses the
active power components of the transformer currents to decouple
the active power flows between converter ports. Additionally,
the implementation of the decoupling controller in the digital
domain is detailed in the paper. The decoupling performance of
the proposed controller is validated in a hardware experiment.

Index Terms—control, decoupling, dc microgrid, Fourier se-
ries, power flow control

I. INTRODUCTION

N recent years, multi-port converters (MPC) have gained

research attention as a potential solution for versatile en-
ergy management systems able to integrate diverse renewable
energy sources or conventional energy sources, storage sys-
tems, and loads [1]. The main advantages of MPCs include
lower component count compared to standalone converters,
higher efficiency, the possibility of centralized control, and
potentially higher power density. Potential applications for
the MPCs range from electric vehicles [2], more-electric
aircrafts [3], [4] to smart grids [5], [6].

The primary purpose of multi-port converters (MPC) is
to integrate multiple sources, storages, and loads with var-
ied voltage and current ratings into a single power stage
allowing bi-directional power flow between each port. Apart
from bi-directional power flow, specific applications like EV
charging also require galvanic isolation between the different
ports for safety reasons [7]. Hence, a multi-winding high-
frequency (HF) transformer is used. One of the promising
topologies in the multi-winding transformer-coupled MPC
family is the triple-active bridge (TAB) converter. The TAB
converter is an MPC with three inverter bridges (half-bridge
or full-bridge) connected via a high frequency (HF) multi-
winding transformer [7], [8]. Derived from the dual-active
bridge (DAB) converter family [9], the TAB converter not
only integrates and exchanges the energy from/to all ports, but
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also provides full isolation among all ports and matches the
different port voltage levels. Additionally, the TAB converter
can operate with soft-switching conditions across a broad
operating range [10].

A key challenge of TAB converter design and control is
the inherent cross-coupling of the power flows between the
ports due to the multi-winding transformer. Therefore, the
TAB converter behaves as a multi-input multi-output (MIMO)
system with coupled control loops. In literature, three con-
trol techniques to decouple the power flows are reported. A
feedforward compensator based control method is proposed
in [11], which decouples the control loops dynamically with
pre-calculated gains stored as a look-up table in the controller.
This approach is improved with feedforward control in [12]
or reformulated using conjugated variables in [13]. Another
control technique decouples the control loops by choosing
different bandwidths for the single-input single-output (SISO)
loops [14]. Therefore, the loop with the highest bandwidth
determines the phase-shift direction during transients and acts
as the slack bus. Recently, a time-sharing control is reported
in [8], which decouples the power flows by operating the MAB
converter as a DAB converter with only two active ports and
other ports deactivated as diode rectifiers at any particular
period. Currently, all approaches to decouple the control
variables are based on the first order simplified model [15]-
[16].

The main contribution of this paper is the derivation and
the experimental verification of the active power decoupling
controller for the phase-shifted TAB. The controller is derived,
and its implementation in the digital domain is proposed.
The proposed controller is validated by an experimental study
on a TAB laboratory prototype. The rest of this paper
is organized as follows. Section II recapitulates GAM and
explains the state-space model of the TAB converter. In section
III, the active current based decoupling controller is proposed.
The implementation of the proposed controller in the digital
domain is explained in section I'V. Section IV further provides
experimental verification of the proposed controller. Section V
summarizes the paper and provides an outlook on future work.
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Fig. 1: Triple active bridge converter.

Fig. 2: Simplified schematic of TAB in star and delta connection.

II. OPERATION & MODELLING PRINCIPLES

Triple active bridge (TAB) converter is derived from the
dual active bridge (DAB) converter family. Figure 1 shows the
schematic of the TAB converter. The TAB converter consists
of three ac generating cells connected to a transformer with
three windings. The power is transferred across the leakage
inductances that can be inserted as separate components, or the
transformer leakage inductances can be used. The zero-voltage
switching (ZVS) is achieved utilizing the parasitic capacitance
of full bridges MOSFETs.

The equation derived for the DAB cycle-by-cycle average
(CCA) power in [9] can be extended to a TAB converter. Thus,
the CCA power transferred (F;) from port j into port k of a
TAB converter is given by
ViV; ( _ |

P = ) — (e — 1
d 2ﬂst”’ijs0u - )s wi=vi—ygj, @

where L, is the equivalent inductance between ports i
and j, ¢; and ¢; are the corresponding phase shift angles, V;
and Vj/ are the corresponding dc port voltages. Therefore, the
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Fig. 3: Active and circulating power components.

power flow at each port of TAB converter can be controlled
in three ways: (a) phase-shift (¢;) control between the full
bridges, (b) duty-cycle control of the full bridges, and (c)
switching frequency (f;) control. This paper focuses only on
the phase shift control. For the phase-shift control, the duty
cycle on the full bridges is kept at 50%, and the power transfer
is controlled by the phase shifts between the full bridges. To
analyze the power transfer between the ports, the equivalent
inductance between the ports needs to computed/estimated.
Therefore, it is beneficial to convert the schematic in Fig. 1
into a delta equivalent circuit.

The transformation from star to delta equivalent circuit of
the TAB converter is shown in Fig. 2. The transformer is
described as a A connection. The current waveforms of the
converter are shown in Fig. 2. As was done in [7], the link
inductances in A connection can be computed based on the
individual leakage inductances of the transformer windings

Lo1L,
Lotz =Lo1+ N?Lyo+ Zolzo? 2
Lo’,3
Ls1Ly
Loas = Loy + N?Lgs + =2222 3)
La’,2
LysLy
Losz = N?Log + N?Lop + N* 2222720 (4)
o,l

where N is the transformer ratio and Ly i, Ly and L3
are the transformer leakage inductances and the transformer
ratio is accounted as L}, , = N2L,5 and L, 3 = N?Lg 3.
Similarly, the transformer currents of the TAB converter after
transformation are

lg,1 = —l0,12 — 15,13, (5)
iy = lo12 — 10,23, (©)
i3 = l013 + 10,23, @)

where i, 1 is the primary side transformer current and 4/, , and

iy, 3 are the secondary side transformer currents. The trans-
. g s g A

former ratio is accounted as i, 5 = Nig o and i, 3 = Nig 3.

A. Generalized Average Modelling

The generalized averaging method (GAM) was derived
in [17], motivated by the switching circuits that did not
fulfill the small-ripple condition. MPC that are derived from
DAB fall into this category; therefore, when the transformer
harmonics are to be captured, GAM must be applied. The
generalized averaging method was applied to the DAB in [18].
GAM rotates around the fact that any waveform z(¢) can be
represented to arbitrary accuracy by a Fourier series on a given
interval t — T, < 7 < t. For periodic signals, this property can
be represented as

oo

a(r) = Y (ah(t)e 7", ©)

l=—o00

where wy = 27 f, the sum is over all integers [ and (z); is
the [ — th coefficient of the Fourier series. These coefficients
are functions of time and can be expressed as

@)= [ alreerar

T
1 t

= —/ x(7) cos(lwsT)dT (10)
T t—T+s

ot
- i/ x(7) sin(lwsT)dT.
T t—T+s

In eq. (10) the sine component is in phase with the ac
voltage and it is the active power component while the cosine
component represents the reactive power as shown in Fig. 3.
This convention is adopted here to keep the derived equations
in line with the preceding works [17]-[19].

B. Large Signal Model

The equations describing the operation of TAB converter
using delta convention shown in Fig.?? are

d )
0257)2(7') =- %27) + 52(7)ig o(7), (11)
d ./
Cs grvs(m) =— ”‘}E? +83(7)ig (1), (12)
d
Loio Eia,m(T) = — Ry 12i0,12(7) + v1(7) — v5(7), (13)

d . .
Lo,lBElo,l?)(T) = — Ry1300,13(7) + v1(7) — v5(7), (14)

d . .
Lo’,23$la,23(7) = — Ry 2300,23(T) + v5(7) — v§(7), (15)

where C, C'3 are the output capacitances, R and Rg3 are the
output resistances and Ry 12, Ry 13 and R, 23 are the parasitic
resistances in the delta type equivalent circuit of the TAB,
transformed the same way as the leakage inductances.

In (11)(15), it is assumed that the transformer magnetiza-
tion current is insignificant. Further, the MOSFET switching
transients are neglected as well as the voltage drop across the
MOSFET body diode. The input capacitance is coupled in the
ideal voltage source V;, and the reason is twofold. First, the
input capacitance is normally large enough to minimize any
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voltage ripple. Secondly, in most applications, it is desired to
control the voltages on the secondary side of the converter;
therefore, output capacitors Cy and C'5 and their respective
dynamics are modeled. The parasitic resistances R 12, 25,13
and R, o3 represent both the ohmic losses in the magnetic
circuit as well as in the semiconductors. The large-signal
model can be derived by applying GAM (10) on the converter
model in (11)-(15). Further, it is assumed that the dynamics
of the input voltage source and the voltages on the output
capacitors Cy and C3 are much slower than that of the
TAB transformer. Therefore the capacitor voltages Va(7) and
V3(7) are described only by the zero-order component of
the Fourier series, while the inductor currents are described
with the fundamental component i.e., the switching frequency
component.

The generalized averaging method will not be applied
explicitly here to eq. (11)-(15) as modeling is not the primary
goal of this paper. However, the generalized averaging method
was explicitly applied to TAB equations in [20]. The large-
signal model of the TAB can be written in the state-space
form, as shown in eq. (8).

ITII. DECOUPLING CONTROLLER

The instantaneous powers of the converter ports connected
in delta convention shown in Fig. ?? can be written as

<Pp,l>11( ) <U1>11 (t) <Zcrl> (t)

= oy () (lioz)yy () lias) g (1)) 2 0
(Bua)s (8) = (e (8) i) 0

<U2>11 (t) ( (ig,12) 17 (t) + <io,23>11 (t)) )

(17
(03)11 (t) (io,3)1; (2)

<U3>11 (t) (_ <ia,13>11 (t) - <i0,23>11 (t)) )

(13)

Fig. 4: Extraction of the active component of the measured
variable in discrite time.

where (x),; (t) is the first coefficient in the Fourier series
representing active power as shown in Fig. 3.

It is clear from eq. (18) that the port powers of TAB can be
decoupled by compensating for the influence of the current
(ig,23)17 in the control loops of the ports two and three.
In [19], a controller for DAB was proposed that uses the
active power component of the transformer current. In [19]
it was shown that using the active power component reduces
the transient DC component, thereby reduces the peak flux
density. The controller proposed in this work uses the active
power components of the transformer currents extracted from
the raw data and calculated in a DSP.

A. Active Current Component Extraction

In the derivation of the extraction of the active current com-
ponent, it is assumed that the signals are periodic. The Fourier
series coefficient corresponding to the active component in the



time domain can be written as

() (t) = —i/ z(7) sin(kw,T)dT. (19)
Ts Jr,

The extraction of the active component is measured periodi-
cally n times across the switching period 7. The integration is
substituted by dividing the integration to intervals with defined
length of kZ=. In period £= < 7 < (k+1) I, the integrand
x(7) sin(kw,7) is approximated by 7 = kL= which means

T <kTS> sin <27TkTS> =z <kTS> sin <Q7Tk> .
n T, n n n

Therefore the integration over the specified period is ap-
proximated by the area of the rectangle with the height of
x (l{:%) sin (%’Tk:) and width of % When the rectangle area
is substituted to (19) then the discrete approximation can be
written as

n 1T, (T, . (2
(@hlt) ~ (@ = - 7 g L, <nk) sin (gk) _
(20)
n—1
2! > (Tk> sin <27rk> L@
n 0 n n

Equation (21) can be rewritten in the form corresponding
with the one shown in [19] if the PWM carrier period 6, = 2m

Ts
and z[n — k] = = (L:k), then it can be written
1 n—1
'U'.T = - -o'(p — klsi Hm —k s 22
inahual = = 3 ine b = Hin (00 = D) 22

where the z in 6, and i,, denotes the number of the
corresponding full-bridge in the TAB. This is because the
extraction of the fundamental component of the ac currents
must be done at a position referred to the corresponding ac
port voltage. Therefore, the extraction is synchronized via
the reference angle 6., which is the carrier wave of the
corresponding PWM, i.e., PWM 2 or PWM 3. Equation (22)
is the complete expression describing the extraction of the
active component. The timing diagram of the active power
components extraction subroutine is shown in Fig. 4.

B. Coupling Current Estimation Using Transformer Voltages

To apply the proposed decoupling control, current 4, 23(t)
needs to be estimated. The current between the ports two and
three is given by the voltage difference across the inductor
Ls23. When R, o3 is assumed to be negligible, (15) can be
written as

Lo-723 Eiggg (T) = Ué (7’) — Ué (T) (23)
In integral form (23) can be written as
1 t2
io23(t) = / vh (1) — vy (7)dT. (24)
Lop23 Jy,

Using the trapezoidal rule, (24) can be estimated as

1 b2
i523(t) =7 ” /t vh(T) — vi(T)dr (25)
ty—ty
~op— (W(ta) = vi(ta) + vy (h) — v (1) . (26)
0,23

Equation (26) can be rewritten in terms of sampling speed
fn and written as

ig23[n] = 21{%23 (AV'[n] + Av'[n —1]), (27)
where Av'[n] = vh(ta) — vi(t2) and Av'[n — 1] =

v5(t1) — v4(t1). Extraction of the active component can be
easily performed combining (27) and (22) obtaining

n—1

1
(ia,23>§§2)[”] =— %ia,zs[n — k]sin (62 [n — k]), (28)

n—1

1
(in2s){7" 0] = = = 3 icsln = Klsin (03 [n — K]), (29)
k=0

for port two and port three, respectively. Result of (28)
and (29) can be used as the decoupling current for their
respective ports as explained at the beginning of this section
and described with (17)-(18).

C. Coupling Current Estimation Using DC Capacitor Voltages

The disadvantage of the method derived in the previous
subsection is the measurement of the high-frequency voltages.
These voltages have different potentials, and the measurements
must be galvanically isolated. If isolated amplifiers are used
to measure these voltages, the induced delays by the mea-
surements are 1ps to 3us. These delays can be significant,
especially when the phase angles are small.

The large-signal model matrix offers a solution to avoid the
measurement of the high-frequency voltages. The equations
describing the coupling current 7,23 can be rewritten in
integral form as

. 2 onsin(dym)Ve  2nsin(dam) Vs
(lo,23)1R = -
f Ly 03 L4 03

! . (30)
RO' (o2 .
_Bossliosshin G,
Ls23
. 20 9ncos(dim)Va  2ncos(dam)Vs
(to23)11 = - 7 + 7
th TLg,23 TLo,23 (31)

R, 7 I ;
_@—UJS(ZU,%hR dt.
0,23

Using trapezoidal rule (30)-(31) can be rewritten for the
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Fig. 5: Proposed implementaion of the decoupling controller
in the digital domain.

discrete domain as

fn (
2L 23

(lo,23)1R [n] =

g (sin(dq [n]m)Va[n] — sin(di[n — 1)m)Va[n — 1])

- g (sin(da[n]m)Va[n] - sin(de[n — Um)Va[n - 1]) G2
— Ro 23 ({i023)1R [1] — (i023)1R [N — 1])
+%;3 ((io,23)11 [n] — (io,23)11 [0 — 1]) )
and
(imashr ] = 522

g (cos(dyi[n]m)Va[n] — cos(di[n — 1]m)Va[n — 1])
- % (cos(dz[n]m)V3[n] — cos(da[n — 1]m)V3[n — 1])
— Ro23 ((i0,23)11 [n] = (ic,23)11 [0 — 1])

LC:;S ((ig,23)1R [n] — (io23)1R [N — 1])>

(33)

Result of (33) can be used as the decoupling current as
explain at the beginning of this section and described in
equations (17)-(18).

IV. IMPLEMENTATION & EXPERIMENT
A. Controller Implementation

The overall structure of the proposed controller and its
implementation in the digital domain is shown in Fig. 5. The
controller is implemented on TMS320F28379D digital signal
processor (DSP). The used DSP is equipped with an indepen-
dent 32-bit floating-point math processor referred to as Control
Law Accelerator (CLA) [21]. CLA helps with concurrent-loop
execution and is capable of reading ADC samples just after
ADC finishes reading. Therefore CLA is used to implement

TABLE I: Prototype Parameters

Parameter Acronym Value
Transformer ratio N 7 [-]
Primary Inductance | 70 [pH]
Secondary Inductance L, 1.5 [uH]
Output Capacitance Coutx,z 1.22 [mF]
Primary Resistance R;1 20 [m€2]
Secondary Resistance R, , 4 [m?]

time-critical mathematical tasks, i.e., extraction of the active
current component. The used DSP is equipped with two CPUs.
CPU 1 implements the controller and sends control signals
over the inter-processor communication (IPC) link to CPU 2.
CPU 2 communicates with the laboratory computer.

The secondary transformer currents and secondary trans-
former voltages are sampled ten times per switching period.
The sampling of currents and voltages is synchronized with
the respective PWMs as shown by (10fs 1 + ¢,) in Fig. 5.
The ADC signals are scaled and sent via a double buffer
to CLA. The double buffer is necessary as the CLA task
is executed asynchronously with the CPU clock. The CLA
also receives the time base periods 62 and 65 of PWM 2 and
PWM 3. The time base periods of the respective PWMs are
used to calculate the corresponding trigonometric functions
for active component extraction. Inside the CLA, sines of the
two driving periods, 62 and 03 are calculated as well as the
multiplication of different signals, as shown in Fig. 3. After
completion of each CLA task, a buffer is triggered. The results
of the CLA task are read, and the summation of the results
is performed once per switching period in a separate task on
CPU 1. In every period, a controller subroutine is called. In
the controller subroutine, the calculated active components of
currents are used to close the loop, and corresponding phase-
shifts are calculated with PI controllers. The phase-shifts are
communicated via IPC to CPU 2.

The ADCs measuring currents and voltages are triggered
ten times faster than the driving PWMs - PWMI1, PWM?2, and
PWM 3. The ADCs are synchronized with PWM 2, and PWM
3 and correspondingly phase shifted with respect to PWM 1.
From the measured raw data, the active power components are
extracted as described in Fig. 4 and further fed to the PI blocks
that regulate the converter operation as shown in Fig. 5.

B. Experiment

The operation of the proposed controller is verified in the
hardware experiments. The prototype parameters are summa-
rized in Table I. The converter switching frequency is 20 kHz.
The load resistances R, and R3 were 10¢2. The main goal of
the experiment is to demonstrate the decoupling of the power
flow Pi5 and P,;3 inside of the TAB converter. To this end,
each port of the converter is stepped separately up and down.
The results are shown in Fig. 6 and Fig. 7.

The response of the load currents to step in the reference of
port two is shown in Fig. 6a. The load current 4j,9; changes
and tracks the reference. The load current I3 is only slightly
disturbed. The same step change is repeated with port three.
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the transformer currents and voltages.

Figures 7b show similar performance and good disturbance
rejection. The results show the operation of the controller
when the dc capacitor voltages are used for coupling current
estimation. The high-frequency signals during steps are shown
in Fig. 6¢ and Fig. 6d showing smooth envelopes and good
disturbance rejection on the transformer state-space variables
as well.

The response of the load currents to step in the reference
for ports two and three when the estimator based on the
transformer voltages is used are shown in Fig. 7. As can
be seen, the controller decouples the power flows very fast.
Moreover, a faster step can be achieved when the PI controllers
bandwidth is increased. The high-frequency signals during
steps using the transformer voltage based estimator are shown
in Fig. 7d and Fig. 7c showing smooth envelopes and good
disturbance rejection on the transformer state-space variables
as well.

V. CONCLUSION

In this paper, a new approach to the decoupling control
of the triple active bridge (TAB) is derived and verified in
hardware experiments. The fundamental difference between

the proposed controller and the previous work is the use of the
ac transformer current dynamics to achieve the decoupling of
the control variables. The paper analyses the physical origin
of the power flow coupling. A coupling current component
is defined using the delta convention. Two estimators of the
coupling current component are derived. The implementation
of the decoupling controller in the digital domain is thoroughly
analyzed and described.
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