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Abstract—This paper presents modeling and decoupled
control design for an isolated three-port DC-DC converter
(TPC), which interfaces a photovoltaic (PV) panel, a
rechargeable battery, and an isolated load. A small signal model
is derived from the state-space equations of the TPC. Based on
the model, two decoupled controllers are designed to control the
power flows of the two sources and the load voltage
independently. Experimental studies are performed to verify that
the two controllers are capable of regulating the power flows of
the PV panel and the battery while maintaining a constant output
voltage for the TPC.

Keywords—Battery, decoupling control, three-port DC-DC
converter, photovoltaic (PV).

L INTRODUCTION

It is expected that distributed renewable energy sources
will be more and more used in the future electric grid. Power
converters will play an important role in interfacing the
renewable energy sources and the electric grid and load [1].
The power management and grid integration of multiple
energy sources are commonly realized by using multiple
individual converters. Compared to that solution, using an
integrated multiport converter is preferable since it has less
components and a higher power density [2]-[5]. Besides, it
requires no communication capabilities that would be
necessary for multiple individual converters.

Depending on their voltage levels, the renewable energy
sources are usually connected to an electric grid or a load
through a one-stage or a two-stage power converter system.
For the applications where the voltage of the renewable energy
source is low, an isolated multiport DC-DC converter is
preferred to be used in a two-stage power converter system, as
shown in Fig. 1. The isolated multiport DC-DC converter has
multiple input ports for connecting different sources and
multiple functions. It not only regulates the low-level DC
voltages of the sources to a constant high level required by the
inverter, but also can provide other important control
functions, such as maximum power point tracking (MPPT),
for the renewable energy sources.

This material is based upon work supported by the Federal Highway
Administration under Agreement No. DTFH61-10-H-00003. Any opinions,
findings, and conclusions or recommendations expressed in this publication
are those of the authors and do not necessarily reflect the view of the Federal
Highway Administration.
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Fig. 1. Configuration of a two-stage, grid-connected, multisource energy system.

Due to the intermittence of the renewable energy sources,
an energy storage device, such as a battery, is commonly used
with the renewable energy sources. In such a hybrid energy
system, a multiport converter with at least one bidirectional
port, namely, a multiport bidirectional converter is required to
interface the storage device. A variety of multiport
bidirectional DC-DC converters has been proposed for two-
stage grid integration of renewable energy sources [6]-[10].
These topologies either use too many active switches or have a
negative effect on the battery lifetime due to the high-
frequency charge/discharge for the battery. For example, in
[10], the battery was both charged and discharged within a
switching period. Such a high-frequency charge/discharge has
a negative effect on the battery lifetime.

Recently, a new multiport bidirectional DC-DC converter
with the least number of switches has been proposed [11]. In
that converter, the battery was charged and discharged at a low
frequency and the main switch could be turned off under the
zero-current switching (ZCS) condition using a resonant
circuit. However, the two switches in the bidirectional port are
still hard switched. In this paper, an isolated three-port DC-DC
converter (TPC) is proposed. Compared with the TPC in [11],
the proposed TPC has the same number of the switch and all
the switches can be turned on under the zero-voltage switching
(ZVS) condition. Since a multiport converter is a multi-input
multi-output (MIMO) system, a decoupling technique is
desired to control different state variables of the system
independently [6].

This paper presents a small signal model for the proposed
TPC. Based on the model, two controllers are designed to
regulate the power flows of the two sources and the output
voltage of the TPC. Experimental results are provided to
validate the proposed controllers when the TPC works in
different conditions.
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Fig. 2. The topology of the proposed TPC.

II. TOPOLOGY AND OPERATING PRINCIPLE OF THE
PROPOSED TPC

A. Topology of the Proposed TPC

Fig. 2 shows the topology of the proposed TPC. One input
port consisting of a capacitor C; and two switches S; and S; is
connected with a photovoltaic (PV) panel; the other input port
consisting of a switch S3, an inductor L,, and a capacitor C, is
connected with a battery. These two input ports are connected
to the primary side of the high-frequency transformer whose
turn ratio is defined as n = N, / N;, where N, and N; represent
the numbers of turns of the primary and secondary windings,
respectively. The output port consisting of two rectifier diodes
Dy and D,, an inductor L, and a capacitor C, is connected to
the load. The power flow of Port 2 is bidirectional such that
the battery can work in both charging and discharging modes.
As shown in Fig. 2, the battery is modeled as a capacitor C,
connected in series with its internal resistance r,. The
capacitance of Cj, is sufficiently large such that v,,, is taken as
a constant value during the modeling stage.

Define Sj* the gate signal of the switch S; (j = 1, 2, 3).
When the switch S; is on, Sj* = 1; otherwise, Sj* = 0. Fig. 3
shows the gate signals of the three switches and the voltage v,
across the primary side of the transformer. The switches S|
and S, are switched complementarily with each other.
According to the states of the three switches, the proposed
TPC has three operating stages I, II, and III. The state
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I

Fig. 3. The gate drive signals of the three switches and the voltage v, across
the primary side of the transformer.

variables include the voltages across the capacitors C;, C,, and
C,, and the currents through the inductors L, and L.

B. Operating Principle

In Stage 1, S| and S; are turned on and S, is off; a positive
voltage is applied to the primary side of the transformer, i.e.,
v, = vi; the renewable energy is directly delivered to the load
side. This stage will not terminate until the switch S; is turned
off. The differential equations in this stage can be expressed as
follows

. dv, i
i, =C —Llie
dt n
_ g, di
by
dvy V=V, _
2 = L
dt r,

(M

n ° ° dt

where i, represents the current of the PV panel and R,
represents the load resistance.

In stage II, S; is turned off and ) is turned on; the voltage
across the primary side of the transformer is a negative v,, i.e.,
Vp = Vi

dv, .
lpv = Cl 7;_12
(Vv +V1)_V2 = Lzﬂ
’ dt 2)
Dy Ve =V
2 = L
dt 7,
e,
dt R,
&—vo =L, dl"
n dt

In Stage II1, S is turned off and S, is turned on; the voltage
across the primary side of the transformer is the same as that
in Stage II.

dv,
lpv = 174,
dt
di
v, =V, =1L, 7;
. ’ ©)
Vo _ VYo — Vo .
2 = L
dt 7,
dv. v
l() = CU © + 2
dt R
% di
— = V, = Lo n
n dt
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According to the voltage second balance on the primary
side of the transformer, v, can be solved as follows

=y @)

Then the average state-space model can be derived from (1)-

“

. dv, i, .
L, = Cld—;+;d3 _lz(dl _d3)
L2ﬂ=v2—vl-dl
dt )
Dy Ve =Vs
2 = b
dt 7,
dv, _i Y
“dt ° R,
Lo le =ﬂd'§_vo
dt n o

The equilibrium points can be calculated by setting all of the
time-derivative terms in (5) to be zero, then

v -d, =, (6)

N %
n

Equations (6) and (7) reveal that v, and v, can be regulated by

d, and d;, respectively.

III. MODELING AND CONTROLLER DESIGN

A. The Control System Structure

The objective of controlling the TPC is to extract the
maximum power from the PV panel while maintaining a
constant voltage v, on the load side. Fig. 4 shows the block
diagram of the control system connected to the proposed
converter. The control system consists of an MPPT controller

g
Port 1 _§1]L'

4in

Ci

PV|| == Po

1=

y. A
Ipv vy

MPPT
Controller

P
=

Fig. 4. Overall block diagram of the system with controllers.

and two voltage controllers: an input voltage controller (IVC)
and an output voltage controller (OVC).

The OVC is simply a voltage-mode controller, which takes
the output voltage of the TPC, v,, as the input and outputs the
duty cycle d;. The IVC is used to regulate the PV panel
voltage to its reference voltage V, obtained from a
perturbation and observation MPPT controller [12]. The
MPPT controller takes v, and i, as the input and outputs the
desired ;.

B. The Small-Signal Model of the TPC

The current and voltage of the PV panel has the following
relationship

iﬁv = Isc - Is[e’/r - IJ = I.vc - IseVir (8)

where I, and I; represent the short-circuit current and the
reverse bias saturation current of the PV panel, respectively;
Vr is the thermal voltage. Taking the first derivative of (8)
yields

N U S S )

where ; and v, represent the small signals of i, and v,
v

respectively, and —7,,, represents the equivalent resistance of
the PV panel around a certain operating point specified by V.
Then a small-signal model of the TPC which takes the form x
= Ax + Bu is derived by using the state-space average method,
where x = [vq, vy, iy, V,, io]T is the vector of state variables, u =
[dy, ds]" is the vector of the outputs of the two voltage
controllers,

-1, D-D D,
rpVC1 C nC,
0 - - 0 0
nC, C,
A= Dy -1 0 0 0
2 L2
0 0 0 U N
RLCO Co
2D, o o -1 9
nL, L, ]
and
(-1, 1,-1,/n
o ¢
0 0
O A
LZ
0 0
0 w
L nL, |
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where D; and D; are the steady-state values of d; and dj,
respectively. Define v(s) = [vi(s), vo(s)]". Then, the transfer
function is v(s)/u(s) = G(s) = C-[sE—A]"-B, where C = [ci,
) e =[10000]",¢,=[00010]", and E is an identity
matrix, which has the same dimension as that of the matrix 4.
Then, G(s) can be expressed as follows

gu(s) glz(s):|

(10)
g,1(5) g5,(s)

G(s)= {

o
2
[0}
©
2
§-1007 —— Before compensation b
= 200 L After compensation i
o eonl M M L 1l ol
10' 10° 10° 10* 10° 10° 10’
90
0 [ |
=)
2 180—————————————————————————\L———
e \
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Frequency (Hz)

Fig. 6. Bode plots of v,(s)/ds(s) before and after G,,(s) compensation.
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Fig. 7. Bode plots of vi(s)/d,(s) before and after G,(s) compensation.

C. Design of the Voltage Controllers

Fig. 5 shows the signal flows of the plant depicted by (10)
as well as the two controllers G,;(s) and G,,(s). The plant is a
multivariable system with the coupling terms g»(s) and g,(s),
which require the two controllers, G, (s) and G,.(s), to be
properly designed and decoupled to control the input voltage
v and the output voltage v, respectively.

In this paper, the IVC loop is designed to have a
bandwidth one decade lower than that of the OVC. In other
words, d; can be assumed to be constant when designing
G,o(s). Then the OVC is designed with the approximation that
vo(8)/ds(s) = gan(s). Once G,,(s) is designed, the decoupled
model for v (s)/d,(s) can be derived as follows:

v (s) 8,(5)- g, (s)
d,(s) 1+G,,(5) g, (5)

Then G,(s) can be designed based on (11). The bode plots of
vo(s)/ds(s) and v(s)/d\(s) before and after G,(s) and
G,i(s)compensations are plotted in Fig. 6 and Fig. 7,
respectively. G,,(s) and G, (s) are designed by choosing the
cutoff frequencies of the OVC and IVC loops at 2 kHz and
100 Hz, respectively and suppressing the magnitudes of the
closed-loop system transfer function at their corresponding
resonant frequencies to be less than —20 dB. Then G,,(s) and
G,o(s) can be derived as follows from the bode plots:

=g,(s)— -G, (5) (1)

G, (s)= o.g.(o.oou +1J (12)
S

G. ()= 6-(2x10°5+1) (13)
" s3.1x107 s +1

IV. EXPERIMENTAL RESULTS

Fig. 8 shows the experimental setup of the whole system,
where the TPC is connected with a BP XS3175 PV panel, a
battery consisting of four PVX-3050T cells connected in
series, a 700 Q (R;) resistive load, and an eZdsp F2812 control
board on which the control algorithms are implemented. The
open-circuit voltage (V,.) and the short-circuit current (/) of
the PV panel are 43.2 V and 5.3 A, respectively. The nominal
voltage and capacity of the battery are 24 V and 305 Ah,

Fig. 8. The experimental system setup.
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respectively; the switching frequency is 200 kHz. The
reference output voltage (V,) is 180V. To test the
effectiveness of the IVC, the reference voltage of the PV panel
(7)) is simply set as 35 V. Other parameters of the
experimental system are listed in Table 1.

LeCroy
Vi (10V/div)
417V S T A I P R sk
_P1OWMiv)_ 60Ws
S o i B 7'
—T A
A [-(1A/div) —0.3A
[/ . MSA
7,
Vo (50V/div) y Time: Sms/div
Measure Pimax(C1) F’erw:(éz) PImax(C3) P4min(C3)  PImax(Pwr) PE:mean(Pwr) PTmax(C4) P@mean(C4)

value 410V 1rezv 156 my -201 mv 610w A2B1W 1601V 11748

10.0Vidiv)
-10.200 V|

Fig. 9. Measured v, and v; when the TPC starts.

! LeCroy
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N
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Ipat AAMIV) — —0.0A

Time: 100ms/div

x
Measure PrmaxC1)  P2mIn(C1) P3maxCd) Pamax(Pwr) Pamax(C3)  PEMINC3)  PTmadCd) PEmean(CH
value 3576V 3033V 2567V 897w 206V 10y 1909V 17806V

. LeCroy.
| 223y L VIGVAN) 388V
1L.75A = .
T py (1A/diV) 1.3A
66 W = f
o TTTe— P Q0WAiV) 50w
18V LT v, (QBHWW-— ! _,qu
—p, =60 W Po=46.3 W
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Fig. 11. Output voltage (v,) response when the load is step changed.

TABLE I: PARAMETERS OF THE EXPERIMENTAL SYSTEM.

G, G 110 uF C, 220 uF
L, 320 uH I, 18 uH
S, S, RFPI2NIOL | S; | FDP3632

D\, D MUR440G n 8:50

Fig. 9 shows the measured responses of v, and v, when the
TPC starts to work. Before that all of three switches are turned
off. During the transient state, the voltage of the PV panel (v/)
decreases from its open-circuit voltage 41.7 V to 35 V.
Meanwhile, v, increases from zero to its reference value of
180 V. In the steady state, the power generated from the PV
panel (p;) is 60 W, which is higher than the load power 46.3
W. The surplus power is partly absorbed by the battery since
its current is a negative value, i.e., i, = —0.3A.

Fig. 10 shows the measured responses of v, and v; when
the PV panel is connected to the TPC. The load is first
supplied by the battery since the current of the PV panel is
zero, i.e., iy, = 0 A. Once the PV panel is suddenly connected
to Port 1, i,, increases such that the load is supplied by the PV
panel. During the transient state, the output voltage of the TPC
(v,) first increases and then drops back to 180 V within 200
ms. Moreover, the voltage of the PV panel, vy, is controlled at
its reference value, which demonstrates the effectiveness of
the IVC and OVC.

Fig. 11 shows the step response of the output voltage when
the load is step changed from 60 W (R, = 550 Q) to 46.3 W.
As shown in Fig. 11, the power generated from the PV panel
(p1) decreases from 66 W to 52 W during the transient; the
output voltage (v,) has a 11-V overshoot and then drops back
to 180 V.

V. CONCLUSIONS

This paper has presented a small-signal model of a TPC for
power management of a PV-battery system. Based on the
model, an IVC and an OVC have been designed to regulate the
voltage of the PV panel and the output voltage of the TPC,
respectively. Experiments have been carried out to validate the
two controllers. Results have shown that the voltage of the PV
panel and the output voltage of the TPC could be well
controlled by the two controllers independently.
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