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Abstract—This article proposes modeling and two controller
design techniques for a triple active bridge (TAB) three-port dc—dc
converter comprising of fuel cell, battery, and load. The sources
are integrated, employing boost interleaved full-bridge converters
in order to get smoother source current profile. The converter is
a nonlinear multi-input multi-output (MIMO) system with a large
number of control variables. Moreover, a high degree of coupling
among the control variables makes its modeling and control system
design quite cumbersome and complex. To overcome the complex-
ity of analysis in a higher order system like TAB, a generalized
frequency-domain modeling technique is introduced in this article.
A new decoupling matrix-based proportional-integral controller
design method is also proposed. It reduces the design complexity
and improves the system dynamic performance (lower settling time,
overshoot/undershoot in the controlled variables) in comparison
to similar three-port converters reported in the literature. Fur-
ther, the performance of the proposed controller is compared by
simulation with another popular MIMO system controller design
technique, namely the state feedback control. A 1-kW laboratory
prototype is built and tested to verify the system performance
during dynamic load changes, source current variation, and battery
charging/discharging operation.

Index Terms—Decoupled control, frequency domain analysis,
multiport converter (MPC), soft switching, small signal model,
triple active bridge (TAB).

I. INTRODUCTION

C RENEWABLE energy sources and storage devices are
D conventionally interfaced using separate single or mul-
tistage power electronic converters in dc microgrids (DCMG).
But the main drawbacks of such arrangements are low efficiency
due to an increased number of conversion stages (particularly
between the sources and the energy storage devices), high
cost of the system due to a larger number of active switches
along with complex communication requirement, voltage oscil-
lation, and complicated protection requirement. To solve these
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problems, the multiport converter (MPC) technology can be
a desirable solution as they allow interconnection of different
sources [photovoltaic, fuel cell (FC), etc.] and storage devices
[battery, supercapacitor (SC)] at varying voltage levels with
bidirectional power flow capability in a compact single converter
structure with centralized control [1]. Thus, they reduce the
number of redundant conversion stages and elaborate commu-
nication requirements of conventional DCMG structures. MPCs
are becoming increasingly popular in applications such as hybrid
vehicles, satellite communication, microgrids, uninterpretable
power supplies, etc. [2]. For applications requiring high voltage
conversion ratio, transformer-isolated MPC topologies are ben-
eficial, as the transformer turns ratios can be adjusted to achieve
the desired voltage gain. Among the topologies available for
isolated MPCs, dual active bridge derived converter topologies
have been a popular choice as they feature advantages, such
as higher source utilization, isolation, bidirectional power flow,
and wide soft-switching range [3]-[5S]. Further, triple active
bridge (TAB) based converter topologies are also gaining inter-
est [6], [7], specifically for multiport power converter applica-
tions. They are realized using three bidirectional active bridges
(half-bridge/full-bridge converter) integrated by a single high
frequency (HF) three winding transformer [8], which naturally
makes provision for at least two source integration.

TAB can be voltage fed (VF-TAB) [9], [10], current fed
(CF-TAB) [11]-[13] or of hybrid structure (combination of both
voltage and CF ports) [14]. Among them, VF-TABs (both half
bridge and full bridge) and CF triple active half-bridge (CF-
TAHB) topologies, where one or more ports are boost integrated
half-bridge modules, have been most extensively studied by
researchers so far. In case of TABs, there exists maximum five
degrees of freedom for modulation namely, three active bridges
duty ratios/inner phase shift angles, and two phase shift angles
among the transformer voltages. VF-TABs have been a popular
choice so far among the researchers. But, none so far, have
considered the variation of all five control variables. In case
of sources with wide voltage variation, duty ratio control is
mandatory in order to maintain the transformer winding voltage
levels at their respective rated designed values. In this respect,
CF-TAB is a better alternative to VF-TAB, especially for storage
integration, due to its ability to handle wide input voltage vari-
ation with duty ratio control, lower source current ripple, and
wide soft-switching region. Many CF-TAHB topologies have
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been reported in the literature where one or more ports are boost
integrated half-bridge modules [11]-[14]. However, there are
some limitations of CF-TAHB based topologies such as, high
switch, and transformer current stress (for high power appli-
cations), higher input current ripple, large circulating current,
etc. Further, it produces asymmetrical transformer voltage levels
(in half-bridge CF ports, for duty ratio other than 50%) which
may cause transformer voltage mismatch if all three bridges are
not switched at the same duty ratio. In this regard, full-bridge
CF-TAB can be a promising candidate for high power MPC
applications. Since in this case, the transformer voltages re-
main symmetrical irrespective of the duty ratio variation, which
helps in extending the soft switching range. It also reduces the
transformer winding and switch current rating compared to the
CF-TAHB. This article mainly focuses on the detailed modeling
and control of full bridge CF-TAB converters for high power
MPC applications.

Depending on the converter structure (full bridge/half-
bridge), a huge number of operating modes are possible for
TABs considering its full control flexibility. This makes time-
domain analysis of the converter, exceedingly complicated even
in steady-state since the power flow equations change depending
on the operating mode and the range of phase shift angles.
Therefore, unified frequency domain analysis [15] has to be used
to formulate the steady-state system equations. In this regard, the
most popular approach for TAB-based system modeling is the
conventional state-space averaging technique. This approach has
been quite popular for TAB modeling in general [12], [16]-[18].
To model the individual controllers, the power flow equations are
linearized to form independent single-input single-output sys-
tems by introducing feedforward decoupling compensation. Pro-
portional integral derivative (PID) compensators are then used to
control these SISO systems. This approach has already been used
in several VF-TAB converters for decoupling the control loops
of the phase shift angles [19]-[22]. Similar approach can be
used for modeling and design decoupled controller for CF-TAB
converters also. In [12], the duty cycle and phase shift controller
bandwidths were chosen in such a way so that their coupling
effects become negligible. But the approach presented is very
much parameter and control objective specific, which limits its
utility in case of wide input voltage variation. The work in [13]
designs the phase shift controller bandwidth to be sufficiently
low, to avoid coupling. But this article is limited to phase shift
controller design only. In [14] also, a dynamically decoupled
power flow controller is designed neglecting the coupling effect
among the phase shift and duty ratio controllers. All the above-
mentioned modeling techniques, are formulated for CF-TAHB
converters only, from which it is difficult to draw a clear incite
into the generalized modeling technique for CF-TAB. Further, in
these modeling techniques the power equations are formulated
based on first harmonic approximations, where the higher order
harmonics of the square/quasi square wave transformer voltages
are neglected. This can lead to significant computational error
in converter modeling.

The available system modeling and controller design tech-
niques for CF-TAHB, are typically limited to phase shift modu-
lation only, neglecting the effect of duty ratio variation of each
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active bridges. Some authors have worked on the modeling of
the converter considering more than two control variables. In
[15], a variable duty ratio, variable frequency modulation is
employed for a VF-TAB converter. In [11], a CF-TAHB structure
was proposed, where two CF half-bridge circuits integrate a
battery and a SC. However, a fixed 50% duty ratio control,
implemented for the CF ports, causes loss of soft switching
during wide battery/SC voltage variation. This converter was
modulated by asymmetrical duty ratio plus phase-shift control in
[12]. In this case, a lower value of the filter inductor improves the
soft-switching range but causes a higher source current ripple.
In [14], only one boost half-bridge was employed for storage
integration, while the other two ports still retained VF structure.
In this case, both VF and CF ports are controlled by the same duty
ratio (generated for the CF the port) to ensure voltage matching.
But, this modulation limits the power transfer capability of the
VF ports.

In the cited literature most of the controller design and
modeling techniques are limited to specific converter structure
operating modes and modulation strategy. To the best of the
knowledge of the authors, no full-bridge CF-TAB converter
modeling and controller design has been studied so far, consid-
ering its full control flexibility. In view of the above limitations,
the objective of this article is to develop a unified powerful
modeling and controller design technique for the full-bridge
CF-TAB converter, considering all degrees of freedom. Here,
two boost interleaved CF ports integrate a FC and a battery
to the load which is connected at the dc side of a full-bridge
VF port. The full-bridge interleaved structure plays a key role
in achieving a wide soft-switching range with source current
ripple cancellation. In order to incorporate all possible operating
modes, a pulsewidth modulation (PWM) plus phase-shift mod-
ulation is implemented for the full-bridge CF-TAB, to operate
over a wide input voltage range. The duty ratio variation of each
active bridges, generates quasi-square wave voltages across the
transformer windings, which helps to increase soft switching
range of the converter [23]. The major contributions of this
article can be summarized as follows:

1) A frequency domain steady-state model for the full-bridge
CF-TAB is proposed considering higher order harmon-
ics of the transformer voltage waveforms. This model
is independent of the transformer voltage profile, while
the available TAB models are applicable for square wave
transformer voltages only. Further the proposed model
overcomes the error involved with the available first har-
monic approximated modeling techniques by considering
higher order harmonics.

2) The proposed generalized steady-state model is further
used to formulate state-space model of the full bridge
CF-TAB converter. Since the model includes all control
variables, the state-space model is generic for the entire
range of operating modes and modulation strategies. In
contrast, most of the modeling and control techniques re-
ported in the literature assume the converter to be operating
in a specific mode with a given modulation strategy.

3) Based on the abovementioned state-space model, a de-
tailed small signal modeling of the converter is carried out
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Fig. 1. TAB-based MPC structure.

which finally reduces to ac equivalent circuits for each of
the three ports. A general method for decoupling these
equivalent circuits is also proposed, which significantly
simplifies the individual controller design. Similar de-
coupling controllers have been proposed in the literature
before. However, they have invariably been specific to a
particular modulation strategy.

The organization of the rest of this article is as follows.
Section II describes the topology and operating principle of the
converter. The generalized frequency domain steady-state model
is established here along with the derivation of power flow equa-
tions. In Section III, a detailed state-space small-signal average
model of the CF-TAB is derived. Based on this, two different
controllers namely the state feedback controller and the propor-
tional integral (PI)-based decoupled controller is designed in
detail. The performance of the proposed decoupled controller is
compared with that of the state feedback controller by simulation
in Section I'V. Performance of the proposed PI-based decoupled
controller is experimentally validated on a laboratory prototype
in Sections V. Finally, Section VI concludes this article.

II. SYSTEM CONFIGURATION AND PERFORMANCE ANALYSIS

A. Topology Description

The topology of the proposed CF-TAB-based MPC is shown
in Fig. 1. It consists of three bidirectional ports, among which
two input ports (Port-1 and Port-2) are used to integrate a battery
and an FC, respectively. Each of them is constructed as two-
phase boost interleaved CF circuits using two identical parallel
inductors (L; for Port-1), and (L> for Port-2), which reduces
individual switch current stress and smooths the input current
drawn from the sources. Input side CF structure also helps to
extend the soft-switching range of the input side bridges by
proper choice of the boost inductors L1, Lo [23]. The full-bridge
VF structure at the output port (Port-0) is directly coupled with
the load side dc bus capacitor. A HF three winding transformer
interconnects these three individual ports with electrical isola-
tion and voltage matching among the clamp capacitors (C, Ca,

Co).
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Fig. 2. Typical steady-state operating waveforms for the full bridge CF-TAB.

B. Operating Principle

In this TAB topology, when one pair of diagonal switches
(S1, Sy for Port-1), (S5, Sg for Port-2), and (Sy, S1o for Port-0)
are turned ON, positive voltage (equal to the respective clamp
capacitor voltage) appears across the respective transformer
windings. Similarly, when the other pair of diagonal switches
conduct, the transformer voltage goes negative. The gate drive
signals for the switches of the individual legs are complementary
with respect to each other, and the two legs of each bridge are
interleaved by 180°. Duty ratios of the input side bridges are
determined in such a manner that the respective clamp capacitor
voltages (v.1 & v¢o in Fig. 1) always remain constant irrespective
of the battery and the FC voltage variations. The duty ratios of
the load side bridge switches are fixed at 50%, to get maximum
possible power transfer through the VF load side bridge. Fig. 2
shows typical waveforms of the transformer winding voltages,
currents, and the filter inductor current for a fixed phase shift
angle among the transformer voltages and the input side bridge
duty ratios of 60%. The phase shift durations (d17', d>T') are
calculated, taking the load side voltage as the reference. In Fig. 2,
interleaved filter inductor currents of the input bridges are shown
individually, where the solid line and dotted line represents the
leading and lagging leg filter inductor currents (iz1; and ir,12
for battery port and ¢7,51 and 7199 for FC port), respectively.

C. TAB Frequency Domain Modeling

A CF-TAB-based MPC, has five control variables namely
the individual bridges duty ratios (dy, dp, dr) and the phase
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shift durations (di7, d2T'). These duty ratios can be varied
between O and 1, whereas the phase shift durations are limited
to £0.257', equivalent to +90° phase shift. Leading phase shift
angles are considered to be positive. A large number of control
variables with a huge range of variation makes the determination
of the operating modes very cumbersome. Therefore, in this
article, the transformer voltage waveforms shown in Fig. 2 are
decomposed into their equivalent secondary refereed Fourier
series expressions as per (1)—(3)

w(t) = > (=1)"V2Vy, sin(2n — D)mwt (1)
n=1

(1) =) (=1)"TV2V, sin((2n — Dmwt + 61,)  (2)
n=1

vh(t) = Z(—l)"“\@Vg’n sin((2n — 1)mwt + 0ay,)  (3)
n=1

V= 2\/72:‘/01 sin(2n2; 1_)7{(Dw1) @

Vi - 2\/72:V62 sin(2n2; i)q(Dwg) 5)

Vo — N?rvco sin(2n27—1 1_)7I(Dw0) ©

where

01, = 2(2n — V)7wdy, 02, = 2(2n — )mdy  (7)
Duyil(i=1,2,0) = min(0.5,d;, 1 — dj)|j=B,F,0). (8

In the above equations, Vj, and V3, , are the secondary
referred rms values of the nth harmonic voltages of winding
1 and 2, respectively. Vj,, is the rms value of the nth harmonic
component of the secondary voltage. V;, V, are the secondary
referred clamp capacitor voltages for the primary bridges 1 and
2, respectively. D1, D2, and D, represents the pulse widths
of the transformer winding voltages, respectively. 61,, and 65,
are the phase angles of the nth harmonic components of v/ (¢)
and v} (t) with respect to the nth harmonic component of vy ().

D. Steady-State Power Flow Equations

The secondary referred delta equivalent model of the three
winding transformer [16], as shown in Fig. 3, is used to formulate
the steady-state power flow equations. The output terminals of
the three ports are modeled as independent voltage sources. P,
Ps, P, are the total power coming out from the input Ports 1 and
2 and flowing into the output port, respectively. Py represents
the share of the power flow between winding 1 to the output
port only. Similarly, P2, Psg are the power flow between Port-1
to Port-2 and Port-2 to the load port, respectively. The overall
power flow relation among Py, P», Py is given by (9). These
can further be represented in terms of voltage and phase shift
angles as per (10)—(12), after summing the individual winding
powers at each harmonic frequency. X represents the delta
equivalent leakage inductance of the three winding transformer
at the switching frequency. It is assumed to be the same for all
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Fig. 3.

Delta equivalent model of three winding transformer.

three windings

Py = Pig + Pia, P, = Py — P2,

Py = Pio+ P, PL + P2 = Fo. )
Therefore
P i V], Vo sin(01,) Vi Vs sin(f1, — 02p) 10)
=
1 (2n - 1)XL (2’[’L - 1)XL
P i VanVon sin(fz,) | VinVansin(Oon = 01n) )
? (2n— 1)X,, (2n — 1)X,,
o z“’: Vi Vonsin(61,) V. Vo, sin(6a,) 1
0 (2n — 1)X,, (2n — 1)X,,

n=

It is to be noted from (4)—(6) that each of the harmonic voltages
Vs V3,,. Vi, in (9)—(12) are inversely proportional to (2n —
1). Therefore individual harmonic powers decreases as fast as
(2n — 1)3. Hence, computing only first few terms of the “infinite
sums” of the right-hand side (RHS) of (10) to (12) give accurate
enough result for all practical purposes.

III. CLOSED-LOOP CONTROLLER DESIGN
A. State-Space Modeling

The proposed CF-TAB-based MPC is a nonlinear multiple
input multiple output system. The state-space model of the
system considering the switching cycle average Battery current
(i), FC current (i), clamp capacitor voltages of three ports (
Vel, Ve, Veo) as the state variables can be written as (13)—(17).
The states corresponding to the transformer leakage inductance
currents are neglected (i.e., assumed to be algebric functions of
the states and control inputs)

Ly dip dip
5 dt B =UB (1—dp)va (13)
Lo dip dip
20r O e — (1 —dp)ve (14
5 i P = Urc ( F)Uc2 (14)
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dv,. .
Crve—= = 2(1 = dp)varins — p1 (15)

dvcg .
CQ'UCQF =2(1 —dp)veirs — p2 (16)

dvep v20
Coleg—— = pg — —= 17
0007~ = Do Ry (17
where

iB:2iL1;iF:2iL2;LB:L1/2,LF:L2/2. (18)

In these equations, i 3, ¢ are the total currents coming out from
the battery and the FC, respectively, and i1,1, 12 represents the
switching cycle average value of individual inductor currents of
Port-1 and Port-2, respectively. p1, p2, pg are the switching cycle
averaged powers coming out of the two input ports and flowing
into the output port, respectively, as per (10) to (12). The above
state equations are next linearized around a quiescent value of
the system state variables (ip, i, Vc1, Ve2, Veo), the control
variables (dp, dF, di, d2), as well as the input variables (vp,
vrc). The switching cycle averaged powers (p1, p2, po) of each
port are also linearized around a constant operating point by
taking the Taylor series expansions of the power (10)—(12) and
retaining only the dc and the linear terms as per

Pil(i=1,2,0) = Pi + Ap; (19)
where
Op; Op; Op;
Api|(i=1,2,0) = 9y Adp + Ddyp Adp + d, Ady
Op; : Op;
—Ad —— Av,;. 20
+8d2 2+; avcj Ucj ( )

The quiescent values can be obtained for a given operating
condition by solving the algebric equations obtained by setting
the derivative terms in (13)—(17) to zero. Similarly, the quiescent
input and output power (P, P», Fp) can be calculated from
(10)—(12). Considering only the small signal perturbations of
the states and the input variables (indicated by a “A” preceding
the variable name) and neglecting the dc and nonlinear terms,
the small signal model equations for the MPC can be formulated
as given in

L1 dAi
71 : dzB = Avp — (1 = Dp)Ava + VaAdp @D
Av,.
Ch ! d:d = (1—Dp)Aip — Adplp — Aig (23)
Cy dAd:CQ = (1 - Dp)Air — Adplr — Aic (24)
dAwv, . Av, ;
Co dt £ = A ROO Where,AzciIi:Lz,o = Api/Vei.

(25)

For the proposed MPC, there are three main control objectives
as follows:
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1) constant current control for the FC;

2) load side dc bus voltage control under all possible operat-

ing condition;

3) transformer voltage matching with input bridges duty ratio

control;

In view of the above control requirements, the FC current and
the load side dc bus voltage are considered as the output variables
that need to be controlled. The duty ratios of the CF input bridges
and the two phase shift durations forms the control input vector,
while the battery and FC input voltages form the disturbance
input vector. Now, the small signal state-space representation
of the proposed MPC considering the abovementioned control
requirement can be written as per (26) and (27), respectively

AX = AAX + BAU: + EAUp (26)
AY = CAX + DAUc + FAU), @7
where
T
AX = [AiB Aip Avg  Ave Avco} (28)
T
M:@Fm4 (29)
T
AUy = [AdB Adp  Ad, Ad2]
T
AUp = [AUB AUFC] . (30)

AX,AY,AUqs, AUp represent the state vectors, output vector,
control vector, and disturbance input vector, respectively. Per-
turbation due to the source voltages are neglected. A, B, C, D are
system matrices whose elements can be found from (21)-(25).
The above system model has been used further to design two
different system controllers.

B. Design of the State Feedback Controller

The overall state feedback control scheme for the MPC con-
verter is presented in Fig. 4. Taking the transformer secondary
side voltage as the reference, the PWM signals for the input
bridges are generated with variable phase shift durations d;
and dy. As the FC and the battery voltages vary slowly, the
duty ratio (dp and dp) variations are considered to be slow
compared to the phase shift control loop. Therefore, these are
computed in open-loop manner (to keep the respective clamp
capacitor voltages constant) to reduce control complexity. As
Adp and Adp are utilized to neutralize the input disturbances
Avp and Awvgc respectively in open loop manner, the control
input vector consists of only the phase shift durations (d; and
ds) as the feedback control variables. Further, along with the
system states presented in (28), two more state variables (A X3
and AX5) are added to the state vector as shown in (31) to
fulfill the control objectives. Those are the integrator outputs of
the load voltage and FC current error, respectively, as shown in
(33). In this equation, I}, V5 are the reference values for the
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FC current and the load voltage.

AX = [AXl AXy Aip Aip Ava Ave Avco}
(31)

T T
AY = [Az‘F Avco] AUG = [Adl Adg] (32)

PAX1 = Aip = (I} —ip); pAX2= Avg = (Vi — ve).
(33)

The control vector AU¢ is computed in the following state
feedback form as per the below equation:

AUc = — KAX 34
K K1 Ko Ki3 Ky Kis Kig Kir
Ko Koy Kaz Koy Kos Ky Koy

(35)

where K is the gain matrix, whose elements are calculated using
Ackermen’s Gain formula and the system matrix A. The gain
matrix is designed in such a way that the roots of the closed-loop
characteristic equation are located at the desired pole locations.
For the proposed MPC, the closed-loop pole locations are chosen
in a Butterworth pattern, as detailed later in Section IV.

C. Decoupled Proportional Integral Controller Design

The power transfer across the transformer windings from the
individual ports are functions of both the phase shift angles.
Therefore, a decoupled controller is proposed to regulate the dc
bus voltage and the FC current.

1) Small Signal AC Equivalent Circuit Model: An equivalent
circuit model for the proposed MPC can be drawn as shown in
Fig. 5 using (19)—(25). As both the input CF ports are identical,
both of them can be modeled in a similar manner. Therefore,
modeling of only Port-1 is described in detail here. The small
signal equivalent circuit of the input Port-1 is formulated as per
Fig. 5(a). The inductor (21) is modeled as voltages around a loop
containing an inductor, while the capacitor (23) is modeled as
currents flowing into/out of a node containing a capacitor. These

two subsystems are coupled by a (1—Dp:1) ideal transformer

T representing the action of the boost converter. The final small

signal ac equivalent circuit for Port-1 as shown in Fig. 5(b)
is obtained by referring the left hand side (LHS) of this ideal
transformer to the RHS using “turns ratio” (1—Dp). Further,
the secondary refereed equivalent circuit model for the load
side converter is formulated as per Fig. 5(c) from (25). In these
equivalent circuits, Adp, Adp are computed as per

A’UB
Ver

AUFC
Vea

Adp = — JAdp = — (36)
With this equation, the model of the input CF ports can be
simplified to the first two circuits of Fig. 5(d). In these circuits
Aige1, Aidgen represents the sums of all the dependent current
sources connected to the capacitor node. Similarly, the sec-
ondary referred equivalent circuit model for the Port-0 shown in
Fig. 5(c) can be further simplified to the last circuit of Fig. 5(d).
From the small signal models of the individual bridges, Aigc1,
Aigeo and Adgeg can be written as per

Ady
AZd(:l Ad AUcl
. 2
Nigea | = Ay Ad + B1 | Aver (37)
. B
Aigeo Avgg
Adp
Dicy Oic1 il il
o6, ody 1B 54% ddr
_ Dico Oico Oico Oico
A= |58 5F adp Ir + 54r (38)
3ico Bidc() aicO aico
ddq ddso ddp ddp
8icl aicl 87;cl
Ovel Oveo Dveo
_ Dieo Oieo Oico
By = 61121 avccz 9vco (39)
aico aico aico
Ovel Ovea Ovco

As the Battery and FC voltages vary very slowly in a small
range, the dynamics of the control variables due to Adp, Adp
are neglected for the phase shift controller (Ad;, Ads) design.
Adp, Adp are directly chosen as per (36). To design the phase
shift controller a new control vector AX = [AX] AXs AX(]
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SLF' ( )
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Fig. 5.

is defined as per the following:.

aicl 874/(;1
o ot oz | |Ady
_ 1c2 1c2
AXy| = dd;  Bdy Ad (40)
AX, Jico  Oico 2
0 dd;  Ods

If the output current references (at the clamp capacitor nodes)
of the two input bridges and the input current reference (at the
dc bus capacitor node) are defined as

Dic Dic i
Aigey = WllAUd + W;Avcz + W;AUCO + AX,
C C. C!
A 82C 820 alc
Aigen = Jo 21 Avey + GTZAU@ + aTZAvco +AX,
.k 87’6 8Zc alc
Aigeg = v (i Aver + WZAU(:Z + WOA’UCO +AX, (41)

then on combining (41) with (40) and comparing with,
(37)-(39) results in Aiger = Adleq, Alger = Aijg, Algeo =
Ai}., as indicated in Fig. 5(c). Therefore, the capacitor voltages

Small signal average equivalent model for (a) Port-1, (b) Port-1 (secondary referred), (c) Port-0 (d) Final small signal equivalent model for all three ports.

and the inductor currents in the equivalent circuits of Fig. 5(d)
(i.e., Aver, Avea, Avgy, Aily and Ai’z) can be controlled
by controlling the controllable current sources Aij ;, Adj.o
and Aij.. The desired values of these current references are
then used in (41) to obtain the values of the control inputs
AX1, AX5, AXy. However, the variables AX1, AX,, AX
are linearly dependent and all are functions of Ad;, Ads.
Thus, any two of them can be controlled independently. This
will automatically determine the third. The objective of the
present controller is to control the load voltage and the FC
output current. Keeping that in mind, Ady, Ads are computed
as functions of AX, and AXjy as per (42), since Aé},, and
At} directly controls the load voltage and the FC current,
respectively

8ZC2 (3262

Ad, — |9d  0dy AXo _ e a2 AXo
Ady ?ﬁf ?):1; AXo az  as AX042
(42)
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Fig. 6. Overall closed-loop control structure for PI-based decoupled control.
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1+s/wp
Lead-Lag

\

Fig. 7. Individual closed loop controllers for (a) Load side dc bus voltage
control. (b) Constant current control.

From the above analysis, the overall control strategy for the
small-signal equivalent circuit based approach can be formu-
lated as per Fig. 6. As per this figure, Ad, and A*i4.o are gen-
erated from the load voltage and the FC current PI controllers,
respectively, and are used to generate A Xy, AX5 as per (41).
Finally, the perturbation in the phase shift durations (Ad;, Ads)
are generated as per (42) and added with the nominal phase shift
durations Dj, D5 to generate the actual phase shifts. The duty
ratios of the input bridges, along with the phase shift angles
are given as the inputs to the PWM block to generate actual
switching signals for the individual switches.

2) Design of Controllers for the Load Voltage and FC Current
Control Loops: To design the PI controllers for the load voltage
and the FC current, the uncompensated system plant models are
formulated as per Fig. 7(a) and (b) (Plant-1 for load voltage
control and Plant-2 for FC current control), respectively, from
the last two equivalent circuits of Fig. 5(d). As the plant model
for the load voltage controller is first order only, a PI controller
is enough to get the desired bandwidth and phase margin. The
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TABLE 1
PARAMETERS FOR PI-BASED DECOUPLED CONTROLLER

Voltage Controller

kpo kiv Bandwidth Phase Margin
0.001 35 80 Hz 90°
Current Controller
kpi ki f=, fp(kHz) Bandwidth Phase Margin
4,100 0.296, 3.5 100 Hz 52.2°

values of the PI controller gains are decided accordingly. On the
other hand, a lead-lag compensator along with a PI controller
is designed for the FC current control loop as this plant has a
pair of imaginary poles. In this case, the pole-zero locations of
the lead-lag compensator, along with the PI controller gains,
are chosen in such a way that the current control loop becomes
faster compared to the load voltage control loop. Actual designed
values of the controller parameters are given in Table I.

3) Stability Analysis With Operating Point Variation: In the
proposed MPC, two separate PI controllers have been designed
for the load voltage control, and the FC current control. The
system parameters used for the study are presented in Table II.
The PI controller parameters are designed based on the transfer
functions of the individual loops presented in Fig. 7, computed
at the operating point. vg = 57 V, vpc =30V, P, = 500 W,
P, =500 W, Py = 1000 W. The decoupling matrix is also
designed at the same operating point. The values of PI controller
gains used for the proposed decoupled controller is presented
in Table I. Now, the closed loop pole locations will vary, with
the variation of source voltages (vp, vrc), as well as the power
values (P, P;, P-), since the individual controller gains and the
decoupling matrix parameters are kept fixed at their respective
designed values. In fact a fixed decoupling matrix will not be
effective at other off nominal operating points. Therefore, the
closed loop block diagrams of Fig. 7 will not give correct closed
loop pole locations at an off nominal operating point. So, to
get the exact closed loop pole locations, an augmented system
matrix is formulated incorporating the states related to individual
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TABLE II
SYSTEM AND TRANSFORMER SPECIFICATIONS

System Specifications

Parameters Values Parameters Values
Vs 48—56V Vic 20— 30V
P1,P> 0—500W Py 0—1kW
Ve1/Vea 110V/55V Veo 220V
fs 25kHz Ly, Lo 150 uH
Lllv ng 38.27 ;LH, 9.7 ;LH LlO 155.28 /LH
Transformer Specifications
Parameters Values Parameters Values
Vi Vo Vg 2:1: 4 Lo 17 mH
Core Type E-100/60/28/3C-94 Window Area 7.32cm?
Core Area 7.38 cm? Peak flux density 0.12T
Core loss coefficient 3.14W /m3T5 Current density 4 A/mm?
[B=core loss exponent=2.551 at fs
PI controllers and the decoupling matrix parameters. The eigen 1 T T Py '
values of this augmented system matrix gives the closed loop 2 e — (Xp¢
pole location of the overall system. These eigen values are
plotted for three different system operating conditions. It is to be 70
noted that while calculating the eigen values of the augmented -
system at different system operating equations the PI controller 23
and the decoupling matrix parameters are kept fixed at their 8ot bt s et
respective nominal designed values. Fig. 8(a) shows the location 0 s
of closed loop poles when the battery voltage varies from 48 to 3¢l 201 Tem
57 V, while vgc is kept fixed at 29 V, load power P is kept at @)
its rated value of 1000 W with the battery and the FC powers
are considered to remain fixed at 400 and 600 W, respectively. ' X X©)
Similar study has been performed for the same power values, Tncreasing vr

but with the FC voltage (vpc) varying from 22 to 29 V, keeping
battery voltage constant at 54 V. In both the cases, all the closed
loop poles lies in the left half of the s plane [Fig. 8(a) and
(b)], which confirms system stability. The poles on the real
axis vary within a very small range with the operating point
variation. Fig. 8(c) shows the location of the closed loop poles
for the load power variation with fixed Vg and vgc of 57 and
29 V, respectively. In this case, as the load power changes, the
power sharing among the sources has to change. Thus, the three
operating points related to power are chosen as (FPy = 1000 W,
P =500W, P, =500W), (Py=600W, P, =360 W, P, =240
W), (Py = 1000 W, P, = 280 W, P, = 120 W), respectively.
As can be seen from Fig. 8(c), almost all the closed loop poles
remain within a very close range with the load power variation.
It has been seen that, if the sharing among the P; and P, changes
for a fixed Py, vp, and vgc, the similar phenomenon takes place.
It is to be noted that the range of variation of different system
variables (i.e., v and vgc, Py, Pi, P>) were chosen as per the
designed range of variation of these variables as given in Table I1.

IV. SIMULATION RESULTS AND COMPARATIVE STUDY

The proposed MPC with both the controllers (i.e., Figs. 4
and 6) are simulated for identical system conditions and load
changes. The system parameters used for simulation study are
presented in Table II. A step changing load pattern is considered
to validate the dynamic performance of the proposed controllers.

For the state feedback controller, the closed-loop pole loca-
tions (P to Pr) are chosen as per Table III. One real pole and

ofx x x

_3e-10 _2e10 0e10

-250 -225  -200 -175 -150
(b)
Het @ ® O
@ Increasing Pp
25 )
g
4
e X . .
-3eT ~2¢!
0.1 -
0.1
0 EI =) E 0 T
-0.1 -0.1
-150 -100 -50 0 -2eT0 -le' 0 Oe10
[ Presence of three pole in a closed vicinity
©
Fig. 8.  Closed loop pole location of the overall system for (a) the variation of

battery voltage (vp) with vpc, Py, P1, P2 fixed (b) the variation of FC voltage
(vrc) with v, Py, P1, P> fixed (c) the variation of load power with v, vpc
fixed.

six complex poles are chosen in Butterworth pattern with three
different natural frequencies. The location of the dominant pole
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TABLE IIT
PARAMETERS FOR THE STATE FEEDBACK CONTROLLER
Py Py Ps Py Ps Ps Py
~1500 —100 + 705 ~100 — 705 —400 + 2805 —400 — 2805 —700 + 4205 —700 — 4205
K11 K2 Kis Kig Kis Kie Kir
—8.4959 17.0538 0.12 0.027 —0.0261 —0.0057 0.1534
Koy Koo Kas Koy Kos Kog Kar
—0.8809 15.467 0.0957 0.0367 —0.0169 —0.0221 0.1290
< 5 ! 4 ! !
— | — |
<: S 1 7 <: K| =
5 2 -  — J___ = 92 . R —— J_—_
| |
1 x l 1 x |
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Simulation waveforms to verify the state feedback controller performance during dynamic condition (a) load current profile (¢, ), (b) variation of the load

side dc bus voltage (v.o) (c) FC and battery current (irc, 7 g), (d) input side dc bus voltage (v.1, ve2), PI-based decoupled controller performance during dynamic
condition (e) load current profile (i), (f) variation of load side dc bus voltage (v.o) (g) FC and battery current (igc, ¢ ), (h) input side dc bus voltage (vc1, vc2).

is chosen to achieve the desired bandwidth and overshoot for
the rated operating condition. The other frequencies are chosen
within the reachable and observable Eigen values of the system
matrix “A.” One real pole is chosen at a sufficiently higher
frequency so that it does not affect the dominant pole response.
While choosing the complex pole locations, the damping factor
for all the pairs are maintained greater than 0.7 to achieve over-
shoot less than 5%. After choosing the desired pole locations, the
gain matrix “K” is calculated using Ackermen’s gain calculation
formula. The calculated gain values of the K matrix elements are
also shown in Table III. Fig. 9(a)—(d) shows the performance of
the state feedback control system, during a step load current
change. The load current is changed from 2 to 3 A as shown in
Fig. 9(a). Fig. 9(b) shows that in spite of the sudden change in
the load current/power, load side dc bus voltage is maintained
constant at 220 V dc. A voltage undershoot of —1% with settling
time of around 70 ms occurs when the load changes from 440 to

660 W at 0.07 s. Similarly, a overshoot of +0.977% with settling
time of 55 ms is observed at 0.2 s when the load decreases
again from 660 to 440 W. The FC is controlled at a constant
current of 5 A corresponding to 120 W output throughout the
period. Thus, the battery power changes with the change in load,
to absorb/supply the excess/deficit power demand in order to
maintain fixed load voltage. This can be verified from the battery
and the FC current waveforms presented in Fig. 9(c). The duty
ratios of the input side bridges are regulated in such a way that
the input dc bus voltages are fixed at 110 and 55 V, respectively.
This can be verified from the input dc bus voltage waveforms of
the battery and the FC port presented in Fig. 9(d).

Further, the system performance is verified by simulating the
PI-based decoupled control system of Fig. 6. The values of the
PI controller gains used for the proposed decoupled controller
is presented in Table I. The same load profile [Fig. 9(e)] and
operating conditions that have been used for the state feedback
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controller is used to verify the performance of the proposed
control strategy. It can be seen that, with the PI controller
also the dc bus voltage is maintained constant at 220 V as per
Fig. 9(f). But the undershoot and the overshoot in the load side dc
bus voltage are negligible (—0.81% and +0.86%, respectively)
with an improved settling time of 50 ms, compared to the state
feedback-based control technique. The FC current is regulated
at a constant value throughout [Fig. 9(g)]. However, the battery
current, in this case, is more oscillatory, since it is not directly
controlled. Fig. 9(h) confirms that the input dc bus voltages are
still maintained at their respective reference values of 110 and
55 V. The controller response with state feedback control is
closely related to the system pole locations. Unfortunately, there
is no unambiguous guideline for choosing these pole locations
from conventional control system performance specifications
(i.e., bandwidth, overshoot, settling time, etc.), particularly for
higher order systems. It is also hard to customize the perfor-
mance of the individual controllers (in this case load voltage
and FC current controller) separately. On the other hand, the
PI-based decoupled power controller design technique defines
individual controller bandwidth and phase margins with less
design complexity. The simulation results verify that the de-
coupled PI-based controller gives better response time (50 ms)
for a 22% load change, compared to the state feedback control
response time (70 ms). The proposed decouple control also
reduces the voltage overshoot and undershoot to 0.86% from
1%. However, finding the appropriate decoupling strategy [i.e.
(42)] may be difficult, if higher number of control variables are
involved.

V. EXPERIMENTAL RESULTS

To validate the proposed controller design approaches, a 1-kW
laboratory prototype of the MPC has been developed as shown in
Fig. 10. The parameters considered for the laboratory prototype
and transformer design are given in Table II, where L;;, Lo,
Ly, L, represents total effective leakage inductance (exter-
nal+transformer leakage inductance) and magnetizing induc-
tance of the transformer. The transformer leakage inductance,
input side clamp capacitor voltages, and the transformer turns
ratios have been calculated in order to get the rated power transfer
capability with minimum transformer rms current. The detailed
design methodology has been presented in detail in [23]. A
moderate value for the input filter inductors (150 H) has been
chosen in order to get full range ZVS without increasing the input
inductor rms currents excessively [23]. With the chosen values
of the filter inductors, the peak to peak ripple in the battery and
the FC port filter inductor currents are +13.5% and +6.75%,
respectively. But due to the ripple cancellation effect, the source
current ripple gets further reduced. For the battery and the FC
side bridges:STW78N65M5 MOSFET (650 V, 69 A) and for the
load side switches:SKM75GB12T4 IGBTs (1.2 kV) are chosen.
The output capacitance (Cjs) for the MOSFET is 158 pF and for
the IGBTSs, itis 200 pF. The dead time among the complementary
switches of each port are chosen such that, during turning ON/OFF
of the respective switches the switch output capacitance get
enough time to discharge and charge, respectively. The dead
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Sensing Board

Oscilloscope

Fig. 10. Laboratory experimental setup of the MPC converter.

time for the input side bridges and the load side bridges have
been chosen as 600 ns and 1 ps, respectively.

The experimental results have been taken at the rated operat-
ing voltages. Fig. 11(a)—(c) shows the steady-state experimental
waveforms of all three transformer voltages with (a) primary
winding-1, (b) primary winding-2, and (c) secondary winding
currents, respectively. In this case, the load power Fy is main-
tained at 420 W, whereas the battery and the FC voltages are
kept at 44.2 and 22.85 V, respectively. The duty ratio dp, dp
for the bottom switches of the battery and FC ports are 0.6, in
order to regulate input side dc bus voltages at 112 and 55.5 V,
respectively. The phase shift angles are kept such that the FC
supplies a constant power of 167 W and the rest of the power is
supplied by the Battery to maintain the load side dc bus voltage
at 220 V. The FC is supplying a constant current of 7.3 A and
the battery is also discharging at a current of 6.55 A in order to
supply the deficit load demand as shown in Fig. 12(a) and (b).
The input filter current waveforms of the two input side bridges
presented in these figures confirm that the individual inductor
current ripples are in phase opposition with each other, which
effectively smoothen out the source current ripple.

Another set of steady-state operating waveforms are also
presented to show the battery charging operation. To do that,
the system is operated at a very light load condition of 90 W
only. The FC is forced to supply a constant 310 W power, a
part of which is utilized for the battery charging. Fig. 13(a)
shows the battery charging operation with negative total battery
current and individual filter inductor currents for the battery
port. Fig. 13(b) shows the primary voltages and currents of
the transformer winding, where it can be found that the battery
port (primary winding-1) voltage is lagging behind the FC port
voltage (primary winding-2), which again confirms that the
battery is charging, from excess FC power.
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inductor and overall battery charging current (z g ). (b) Port-1, Port-2 transformer
primary winding voltages and currents.

Experimental verification of the proposed PI-based decoupled
control system is taken up next. The system is tested for a step
change in the load, where the initial load power of 198 W is
increased in one step to 440 W and again decreased back to
198 W. It can be seen from Fig. 14(a), that in spite of the
application of a step change in the load the dc bus voltage is
maintained at its reference value of 220 V. The FC current is
also controlled at constant 5 A corresponding to an FC power

«
Time: 50 ms/div

50 V/div » 50 V/div

» 1 A/div » 50 V/div

' Time! 50 ms/diy
5 A/div » 5 A/div
> 1A/div > 50 V/div

(@) (b)

>

Fig. 14.  Closed-loop performance of the proposed PI-based decoupled con-
troller for load transient. (a) Transient response for step load increase of 198
to 440 W and back with constant FC power of 120 W. (b) Waveforms of input
clamp capacitor voltages during load change.

of 120 W. The FC voltage was at 24 V, while the battery voltage
was at 41 V. As the FC power it fixed at 120 W throughout
the period, rest of the load power along with the transient, is
supplied by the battery. Thus, the battery current changes from
initial 1.69 to 7 A and back again to 1.69 A, during this load
change, to maintain the load side dc bus voltage at 220 V. During
the load change a voltage overshoot and undershoot of £0.9%
are observed with settling time of 50 ms. Fig. 14(b) verifies that
during this dynamic load change the duty ratio controller is not
affected by the phase shift controller and load transient. Thus,
the input clamp capacitor voltages (voltages appearing across the
transformer windings) are fixed at their respective rated voltage
levels.

The proposed control system is further verified for a constant
load of 176 W with a step-change in the FC current reference
from 3.2 to 4.8 A and vice versa. In this case, the FC current
controller performance is verified with a step-changing FC cur-
rent reference. At the same time, the load voltage controller
performance is also verified, for its effectiveness in maintaining
the load voltage constant at 220 V in spite of the source current
change. Fig. 15(a) shows that, during FC current variation (de-
cided by the FC current controller), the battery current (decided
by the load voltage controller) adjusts accordingly in order to
maintain the load voltage fixed. Fig. 15(b) verifies the duty
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Fig. 15.  Closed-loop performance of the proposed PI-based decoupled con-
troller for FC current change. (a) Change in FC current from 3.2 to 4.8 A and
back for a fixed load power Py = 176 W, Vic =24 V, Vg = 45 V. (b) Input
clamp capacitor voltages variation with source current profile.
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Fig. 16.  Closed-loop performance of the proposed PI-based decoupled con-
troller during power reversed transient (negative battery current). (a) Change in
load power from 418 to 132 W and back to 418 W, for a fixed FC current of
9.5 A Ve =28.3V, Vg =49 V. (b) Input and output clamp capacitor voltage
variations with load current profile.

ratio control scheme, by ensuring constant source side clamp
capacitor voltages, despite sudden source current variation.
The controller performance is also verified for the case of
power reversal, which basically verifies the bidirectional power
flow capability of the system. To do that, load power is decreased
in a step from 418 to 132 W and again increased to 418 W
in another step. During this load change, the FC current was
controlled at a fixed value of 9.5 A, corresponding to FC power
of 269 W, as seen from Fig. 16(a). During the whole event the
load voltage was maintained at its rated value of 220 V, by the
load voltage controller. As the FC power is constant at 269 W, the
load transient is handled by the battery. When the load power is
more (418 W) than the FC power (269 W), the battery supplies
3.8 A at a battery voltage of 49 V. As the FC power is kept
fixed at 269 W, during load decrease, the battery starts charging
with a current of 2 A (battery current direction reversed), to
maintain the power balance. This further verifies the flexibility of
the designed controller during power reversal. Fig. 16(b) shows
that, in spite of the battery current transient, the input side dc bus
voltages are still maintained at their rated voltages. In Table IV,
a control performance comparison among various three-port
converters available in the literature is made with the proposed
control scheme. It shows that the proposed decoupled controller
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TABLE IV
COMPARISON OF DYNAMIC RESPONSE WITH OTHER THREE PORT CONVERTERS

Ref Voltage(V) Load Overshoot/ Settling
’ Power(W)" Change™” Undershoot(%) Time (ms)
[24] 400V, 200W  50%-100% 5 200
[25] 300V, 500W HkE 0.9 22
[26] 100V, 400W 25%-50% 4 80
[27] 380V, 3.5kW  50%-100% 3.4 13
[28] 400V, 1kW 80%-100% 1.3 250
[29] 400V, 1kW 16%-58% 5 200
Proposed Work 220V, 1kW 20%-44% 0.9 50

*Rated load voltage and load power rating of converters.
**Load change calculated with respect to the rated powers of the converter.
##*] oad change information not provided.

reduces the load voltage overshoot/undershoot significantly with
moderate settling time.

VI. CONCLUSION

A detailed modeling and controller design technique is pro-
posed for a full-bridge CF-TAB-based MPC considering its full
control flexibility. The proposed modeling techniques reduces
the complexity involved with TAB-based systems controller
design, irrespective of the TAB structure (VF/CF-TAB), modu-
lation scheme, transformer voltage wave shape, and converter
operating region. The proposed small-signal model is used
to design two different controllers, namely the state feedback
controller and the PI-based decoupled controller. The proposed
PI-based decoupled controller reduces the highly coupled TAB
model to three lower order ac equivalent circuits, which re-
duces design complexity significantly. Also, it provides better
transient performance in terms of reduced peak voltage over-
shoot/undershoot with lower settling time compared to the state
feedback approach (Simulation results presented in this regard
are supported by the available recent literature) with simple
structure. But, for a generalized MPC converter involving more
number of active bridges and control variables, the PI-based
approach may not be suitable due to the difficulty involved in
finding a suitable decoupling matrix. In view of that, state feed-
back control can be a promising solution for a more generalized
MPC structure.
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