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Abstract—This paper presents modeling and controllers design
of a four-port DC-DC converter for integration of a hybrid
energy system which includes a photovoltaic (PV) panel, wind
turbine generator (WTG), and a battery. A small signal model
is first derived from the differential equations of the converter
in different operation stages. Based on this model, four
controllers are developed to control the voltage and current of
the battery, and the output voltage of the converter while
eliminating the coupling item between two voltage loops.
Simulation and experimental studies are carried out and
validate that these controllers are capable of controlling the
power flow of renewable energy sources, battery, and the load.
Besides, they can protect the battery from over-charging and
over-discharging while maintaining constant DC link voltage.

Keywords—Battery, DC-DC converter, four-port, hybrid
energy system, photovoltaic (PV), renewable energy.

I. INTRODUCTION

Renewable energy such as wind and solar energy has been
attracted much attention due to its clean and alternative
characteristics [1]. Since a hybrid wind and solar energy
system has a better generation profile than standalone wind
or solar system [2], a hybrid energy system is more preferable
than that using the single energy source. However, due to the
intermittent characteristics of renewable energy sources
(RES), an energy storage device, such as a battery, is
commonly used together with the RES. In such a multiple
hybrid energy system, power converters with at least one
bidirectional port play an important role in managing the
power flow of energy sources as well as their integration to
the electric grid [3],[4].

There are two ways to integrate these distributed energy
sources. The traditional way is to use an individual converter
for each source, i.c., one converter for each energy source;
the other is to use an integrated multiple ports converter
which shares some components. Although the control
methods in the first solution is quite simple, the latter solution
is preferable due to its relatively lower cost and higher
efficiency than the traditional solution [5]-[7].

A variety of multiport bidirectional DC-DC converters
were proposed for grid integration of RES [8]-[11]. These
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topologies either use too many active switches or degrade the
battery lifetime due to the wuse of high-frequency
charge/discharge profiles for the battery. For example, in
[12], 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. Furthermore,
compared to the effort spent on the three-port converters, less
work has been done on renewable integration with four-port
converters. The four-port converter is usually derived by
extending the existing three-port converter with extra branch
thus extra power electronics device is required [12]. In this
paper, the four-port converter is derived from a three-port
converter by separating an existing phase-shift topology into
two independent half-bridge converters [13]. Therefore,
compared to the three-port phase-shift converter, no extra
power electronics devices are required in the proposed four-
port converter.

However, the control strategy of the four-port converter is
more complex than that using multiple individual converters
because it is a multi-input multi-output (MIMO) system and
usually contains coupling variables between control loops
[14]. This coupling system requires properly designed
controllers to eliminate its coupling items so that each
controller can regulate the power flow of its corresponding
source independently, which is usually realized by
decoupling controllers or networks. To design theses
controllers, the model of the four-port converter should be
derived first.

This paper presents modeling and controllers design of
the proposed four-port DC-DC converter for a hybrid wind,
solar, and battery system. The small-signal model is first
derived from the differential equations. Based on the model,
four controllers are designed to regulate the power flow of the
two renewable energy sources, i.e., photovoltaic (PV) panel
and wind turbine generator (WTQ), battery, and the output
voltage of the converter. Simulation and experimental results
are provided to validate the proposed controllers when the
converter works in the different modes of the battery, e.g.,
constant current mode and constant voltage mode. Besides,
the DC link voltage is maintained to be a constant value.



Port 1 Port 2 Lg. Port 4
RORRRA:
5 DR D e
= BT A
WTG Si|«A& :J:} i | .
< @ 0 % 21
}V :1:+Vl i vpl. = iV1;2+ V2+:92 ’ : q V4B C:_i—v R§
n Iyl Po Z?ah I n n .
— BAT— +V Niies
fﬂﬁ} T* i oﬂﬂ} DifE D&
r s T HVS
PWM, PWM,
Fig. 1. Topology of the proposed four-port DC-DC converter.
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battery, and a inverter which is simply represented by a i v db V.od, 27, 8]
resistive load. The converter consists of two half bridges Do PV @ ¥ @ = Vo 007 e Ve ~ Vae
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According to the state of the switches, the converter has dt C. RC,

four different operation stages and its waveforms are shown
in Fig. 2. More details of differential equations in these four
stages can be found in [13]. With the derived differential
equations at the different stages, the state-space average
model within a switching period can be expressed as follows:

Fig. 2. Steady state waveform of the converter.
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where L, is the inductance on the primary side of the
transformer; ¥, and V> are steady state values of v; and v,
respectively; Vi, is the open circuit voltage of the battery; r,
and rq. are resistance of battery and Ly, respectively; o is the
phase shift angle as defined in Fig. 2 and J € [0, di]; n (=
na/ny) is the turns ratio of the secondary and primary side of
the transformer; Viom = min{Vi,V>}.

According to the voltage second balance of two
transformers, Vi-dy = Vo'd>» = V3, where V is the average
battery voltage. By introducing di = Dy + d and d» = D, +
(V1/1>) d, the small-signal model with X = 4-x + B-u form can
be found as follows:
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where x = [ip, Vb, ide, Vae]" and u = [d, 5]7. Based on the derived
model, the transfer functions of battery and output voltage
can be further derived as follows:
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As indicated in (5) and (6), the DC link voltage v, is not
only related with d, but ¢ as well. Since the duty cycle of d
affects the battery current and voltage, it is necessary to
develop a decoupling controller so that d and ¢ can be used
for controlling the battery current and DC link voltage,
respectively.

III. CONTROLLERS DESIGN

Fig. 3 shows the signal flows of the overall system with
four controllers: G.s(s) and G.i(s) are used for controlling v,
and iy, respectively; Geac(s) is to control ve while Gsu(s) is
used for eliminating the influence of d toward to v4 through
8vdc_d(s). As shown in Fig. 3, the plant is a multivariable
system with the coupling term gya 4(s), which indicates the
DC link voltage is not only related with d, but é as well. To
eliminate the influence of d toward ve, the decoupling
controller Gsq(s) can be calculated from g,i « and gvic_ s as
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Fig. 4. Bode plots of battery loop before and after compensation. (a) battery
current loop; (b) battery voltage loop.
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Fig. 5. Bode plots of DC link voltage loop with and without G_,4(s).

With the decoupling controller, the controllers of battery
and DC link voltage then can be designed independently.
Gein(s) and Gew(s) then can be easily designed with the
transfer functions of gi«(s) and gvi(s). Fig. 6 shows the bode
plot with and without using controllers G.is(s) and Geys(s). As
shown in Fig. 6 (a), 20 kHz cutoff frequency of the original
battery current loop is too high and need to be decreased.
Then Geis(s) is derived by designing the cutoff frequency
around 3 kHz while maintaining phase margin more than 40
degrees. Similarly, the G.(s) is determined by placing its
cutoff frequency less than 1/10 of its current loop, i.e., 150
Hz in this paper. Then the following controllers can be
found:
~0.06 - (s +1000 )

Gcib (S ) (9)
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The DC link voltage is designed based on gya s(s). Fig. 5
shows the bode plot with and without Ge,a.(s). The original

Battery Mapagement

g S

Vi Ip max() d
o~ e
Vie % Goa(s)
st o—2—
Competition 5
‘i’ll MPPT 1o mln()—d'* | PWM,
d PWM
) d Generator|
v dro 1 min(: 2 PWM,
1.22 MPPT =2

Fig. 6. Competitive organization of controllers.
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voltage loop is a secondary system and has a resonant
component, its cutoff frequency is around 47 kHz which
needs to be decreased. To decrease the cutoff frequency as
well as suppress the gain at its resonant frequency, i.e., 1.6
kHz, a PI controller with a low pass filter is selected. As
shown in Fig. 5, Geac(s) is determined by suppressing the
gain at 1.6 kHz less than -20 dB as well as placing the cutoff
frequency around 150 Hz.

03 (s+2.7x10*)

_ (11)
Goue (5) s+ (s +3900)

Once these four controllers are designed, it is necessary to
organize them in a correct way to meet certain requirements,
for example, the maximum power point tracking (MPPT) for
renewable energy sources, over voltage or current protection
for the battery. Fig. 6 shows the diagram of controllers’
organization. As shown in Fig. 6, the battery management
system prevents the battery from over voltage and
overcurrent conditions during operation. For example, when
the battery works in the charge mode, the predefined
maximum allowance voltage and current, i.e., V" max and Ipy
avoid the over voltage and over current charge. Similarly, the
minimum battery voltage V5. and battery current — Ipy
prevents it from over discharge. Since the renewable energy
sources connected to Port 1 and Port 2 are required to work
properly with the battery, e.g., work in MPPT mode or limit
the power if more power is generated, the four controllers are
organized with two MPPT controllers in a competitive
manner. Then PWMs are generated based on di, d», and J. It
should be noted that the MPPT controllers design are beyond
the scope of this paper because they are independent from the
model.

IVv.

The simulation studies are carried out in Matlab/Simulink
to testify the effectiveness of these controllers. In the
simulation, the open-circuit voltage (V,.) and the short-circuit
current (/i) of the PV panel are 75 V and 10 A (at 25°C, 1
kW/m?) respectively, Vi, = 60 V, the nominal voltage of
WTG simulator and battery are 48 V and 24 V, respectively,
and the switching frequency is 100 kHz. To demonstrate the
effectiveness of the controllers of the battery loops, the
maximum battery charge voltage (Vs max) and current (Ipur)
are set to be 26.6 V and 25 A, respectively. The desired DC-
link voltage (Va") is 180V.

Fig. 7 shows the simulation results when the wind speed
and solar radiation changes. As shown in Fig. 7, the battery
voltage is below 26.6 V which is the maximum charge
voltage. The output of the G..s(s) is positive and is limited to
be s (= 25 A), the battery works in the constant current
mode. This mode lasts until # = 0.42 sec when v, = 26.6 V.
After that, the output of the G..s(s) decreases from 7,y and the
charge voltage is clamped to 26.6 V, the battery works in the
constant voltage mode.

SIMULATION AND EXPERIMENTAL RESULTS
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To test the DC-link voltage controller, the reference of vy BEngh  FmeSm s Pmen  peess  sence s mdeny
is changed from 180 V to 200 V at ¢ = 0.5 sec, as shown in
Fig. 7, va. quickly reaches to its new reference value of 200
V, which validates the effectiveness of Geyac(s).

During the whole simulation period, v does not change
with the battery voltage or current unless its reference voltage
is changed. In other words, the response of the battery loop setup. The four-port DC-DC converter is connected to a BK

does not affect the DC link voltage, which testified the PVS60085MR PV simulator; a DC voltage source is used to

ase 100 me/Tigaer
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Fig. 9. Measured battery current (i,) and DC-link voltage (v,.) response
with controllers. (a) iy; (b) Ve

effectiveness of the decoupling controller Gsa(s). simulate the WTG. All real-time control algorithms are
A1 kW prototype was built to validate the proposed four-  implemented in an eZdsp F28335 control board.
port DC-DC converter. Fig. 8 shows the overall experimental Fig. 9 shows the measured responses of the battery current

d
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Fig. 8. Experimental setup.
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(i») and DC-link voltage (v4c). At t = — 200 ms, the reference
current is changed from 2 A to 7A, as shown in Fig. 9 (a), the
transient state of i, lasts approximately 0.6 s, during which i,
increases from 2 A to new reference value 7 A, which
indicates the effectiveness of Geip(s). Similarly, the measured
vge is changed from 140 V to 180 V within 100 ms as shown
in Fig. 9 (b), which demonstrates the function of Gevac(s)
implemented with phase-shift technique.

Fig. 10 shows the measured waveform of v, when the
voltage of port 1 is suddenly changed from 45 V to 60 V. vg
has 20-V overshoot during the transient, after 500 ms, it drops
back to 180 V, which again validates the effectiveness of
chdc(s)-

V. CONCLUSIONS

This paper presents a small-signal model and controllers
design of a four-port DC-DC converter for hybrid wind, solar,
and battery system. Based on the model, controllers were
designed to control the voltage and current of battery, the DC
link voltage, and eliminate the coupling item between the
battery and DC link voltage. Simulation and experimental
results further show that the designed controllers are not only
capable of controlling the battery and work in the different
modes depending on its SOC, i.e., constant current mode and
constant voltage mode, but also regulating the DC link
voltage to a constant value.
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