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Abstract-This paper proposes a new isolated three-port
bidirectional dc—dc converter, which uses the minimum number
of switches. It contains an inductor—capacitor—inductor (LCL)-
resonant circuit to achieve zero-current switching (ZCS) for the
main switch.The converter is capable of interfacing sources of
different voltage—current characteristics with PMSM drive. The
proposed converter is applied for simultaneous power
management of a photovoltaic (PV) system with a battery. The
PV system and the battery are connected to the unidirectional
port and the bidirectional port of the converter, respectively. A
maximum power point tracking (MPPT) algorithm is designed
for the PV panel to generate the maximum power when solar
radiation is available. A charge and discharge controller is
designed to control the battery to either absorb the surplus
p ower generated by the PV panel or supply the deficient power
to the PMSM drive and study the characteristics of drive. The
simulation results are presented by using M at lab/Simulink
software.

Index Terms—DBattery, bidirectional dc—dc converter, isolated
converter, multiport converter, photovoltaic (PV), soft
switching, zero-current switching (ZCS).

I.INTRODUCTION
As the world population is increasing rapidly, the power
demand and the load demand is also increasing rapidly.
Renewable energy sources hold a vital role in generating
the power and meeting with the load demands. With
surplus advantages like low or almost nil harmful
emissions, reliability, durability and low maintenance,
renewable energy sources are now playing a major role in
satisfying the future energy demand. However, owing to
few disadvantages like fluctuation in output due to
climatic conditions, irradiance, and temperature and so
on, renewable energy sources are still under the research
area [1-3]. To cope up with the drawbacks batteries are
used as storage mechanism for smoothing output power,
improving  start up  transitions and  dynamic
characteristics, and enhancing the peak power capacity.
For this purpose hybrid power system combining PV,
battery, etc are being proposed [4-6]. These hybrid power
systems have the potential to provide high quality, more
reliable and efficient power. Many hybrid power systems
with various power electronic converters have been
proposed in the literature up to now. However, the main
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shortcomings of these integrating methods are complex
system topology, high count of devices, high power
losses, expensive cost, and large size [7]. Integrated
multi-port converters are used to interface power sources
with storage devices. They have the advantages like less
components, lower cost, more compact size, and better
dynamic performance. In many cases, at least one energy
storage device should be incorporated. For example, in
the electric vehicle application, the regenerative energy
occurs during acceleration or start up. Therefore, it is very
important for the port connected to the energy storage to
allow bidirectional power flow. Various kinds of
topologies have been proposed due to the advantages of
multiport converters [8].

A grid connected system is that which works in with the
local utility grid so that when the solar produces more
electricity than a house is using the surplus power is fed
into the grid. If the house requires more power than what
the solar panels are producing then the balance of the
electricity is supplied by the utility grid [9]. With a
standalone solar systemthe solar panels are not connected
to a grid butinstead are used to charge a bank of batteries.
This set up is used in areas where no public grid is
available. But the growth in solar power systems in the
last five years has been in the grid connected systems.
Because most people live in areas that are connected to a
public grid and stand-alone systems are much, much more
expensive than the grid connected systems because the
batteries are very dear. A grid connected systemneeds to
synchronise input to the grid [10].

Many multiport converter topologies have been presented
in the literature and can be roughly divided into two
categories. One is non-isolated type [11] the non-isolated
converters are usually derived from the typical buck,
boost, or buck—boost topologies and are more compact in
size. The other is isolated type [12]-[13]: the isolated
converters using bridge topologies and multi winding
transformers to match wide input voltage ranges. In this
paper, a high step-up three-port dc-dc converter for the
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hybrid PV/battery system is proposed with the following
advantages:

1) High voltage conversion ratio is achieved by using
coupled inductors;

2) Simple converter topology which has reduced number
of the switches and associate circuits; 3) Simple control
strategywhich does not need to change the operation
mode after acharging/discharging transition occurs unless
the charging voltage is too high; and

4) Output voltage is always regulated at 380V under all
operation modes.

The major contribution of this paper is to propose
anintegrated three-port converter as a non-isolated
alternative other than typical isolated topologies for high
step-up three-port applications. The proposed switching
strategy allows the converter to be controlled by the same
two duty cycles in different operation modes.

II. Topology and Operating Principle of the Proposed
Converter:
A. Topology of the Proposed Converter

The circuit diagram of the proposed converter is
shown in Fig.1, which consists of a low-voltage-side
(LVS) circuit and a high-voltage-side (HVS) circuit
connected by a high-frequency transformer. The LVS
consists of two ports, an energy storage capacitor Cs, the
primary winding of the transformer, and an LCL-resonant
circuit consisting of two inductors Lr and Lp and a
capacitor Cr, where Lp includes the added inductance Lp1
and the leakage inductance of the transformer L'p. The
HVS consists of the secondary winding of the transformer
and a full-bridge rectifier implemented with the diodes
Ds1 ~ Ds4. The transformer’s turn ratio is defined as:n =
Np/Ns, where Np and N s represent the numbers of turns
of the primary and secondary windings, respectively.
Among the switches, S1 is called the main switch because
it not only controls the power generated by the source
connected to Port 1 (P1) but also changes the direction of
the current flowing through the transformer.

In this paper, the two ports on the LVS are
connected to a PV panel and a battery. To simplify the
analysis, the proposed converter is analyzed by two
separate converters: one is a single-switch LCL-resonant
converter, and the other is the battery-related buck and
boost converter consisting of L2, S2, and S3.

Volume 04 Issue 01
January 2017

DC Lmk
W0 |
| C
i &0 |

Fig. 1. Propo'sedisolated three-port bidirectional de—dc converter for a
PV and battery system.

B. Single-Switch LCL-Resonant Converter for PV Panel
In a switching period, the voltages across Cl and Cs can
be taken as constant values. Particularly, in the steady
state, VCs = V1, where V1 is the output voltage ofthe PV
panel. The converter has seven operating modes
depending on the states of the switch S1 and the resonant
circuit. Fig.2 shows the equivalent resonant circuit in
different modes. The differential equations of the resonant
circuit in Modek (k=1, ..., 7) are

k g0k}
9y — LE ) | diy

dt ;
o dv (k)
] = Fr T + by
(1
Where v represents the voltage of the capacitor Cr; L (k)
and i(rk) represent the equivalent resonant inductance and
the current through the equivalent resonant inductor in the

kth

@ |, 4
| iL (G- ~Cr

&
Fig.2. Equivalent resonant circuit.
(k=1,...,7) operating mode, respectively. Then, v can

be solved from (1) and has the following form:
o(t)=A%®eos ¥ 1 — 1, + B sin L""‘"I_f—r'l.: I riLY

1 L @)
Where
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is the resonant frequency in Mode k; V (k) is the
particular solution of (1) in Mode k, and A(k) and B(k)
are coefficients, which can be expressed as follows:

AF) —y(tp) — V&
b l'p(“f} - "’(f.ﬁ'}

- (K

Wk . C.
Where v(tk), 11, ip(tk), and i(tk) represent the voltage
across Cr and the currents of L1 (il can be viewed as a
constant value Il because of a large L1), Lp, and Lr at
time tk, respectively. Equations (4) and (5) indicate that
only (k) and V (k) are required to determine the
parameters of (2).

The steady-state waveforms and equivalent

circuits of the seven operating modes of the converter are
shown in Figs. 3 and 4, respectively. To facilitate the
explanation of the converter operation, define VI =n -
Vdc the equivalent output voltage of the converter
referred to the primary side of the transformer.
Mode 1—t € [t1, t2] (see Fig.3): Prior to Mode 1, S1 is
off; the currents through Lr and Lp are zero and a positive
value of I1, respectively, ie., i(tl) = 0, ip(tl) = I1. When
S1 is on, as shown in Fig. 4(a), Lr and Lp resonate with
Cr, the current of the inductor Lr increases, and the
voltage of'the capacitor Cr decreases. Due to the existence
of L, the current through the switch S1 increases slowly,
so that the switch is turned on under a low-di/dt condition.
The resonant frequency and the particular solution in this
mode can be expressed as follows:

Q)
Blk) —

©)

L,
Vi = —— . (Vi + V)
L.+ Ly
@)

Where // represents that Lr and Lp are connected in
parallel. In this mode, the current im through the primary
magnetizing inductance Lm increases; the current iT2
through the secondary side of the transformer is positive,
which indicates the conduction of the Ds1 and Ds3. Atthe
end of Mode 1, ip(t2) = im(t2),i achieves its maximum
value Imax, iT(t2) = 0, v(t2) = 0, and vp changes its
polarity from positive to negative
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Fig.3.Steady-state waveforms of the proposed converter.
Mode 2—t € [t2,t3]: During which S1 is on, i(t)>0,
ip(t)=im(t), and Ds1-Ds4 are reverse biased, such that iT
= 0. As shown in Fig. 4(b), Lm, Lp, and Lr resonate with
Cr. Since Lm Lp, Lm Lr, then

4"':: = g_'l-ll.l -|I:||' T I ..._I_-'.-'f..- £ I. == Jl\.. Jl.. e (8)
v@ _ Ly S T & A
LF' + Lpl + L}J‘? Lm (9)

At the end of Mode 2, vp(t3) = —VT , v(t3) = VI = VT,
and the diodes Ds2 and Ds4 begin to conduct.

Mode 3—t € [t3, t4]: During which S1 is on, i(t) > 0,
vp(t) = =VT , and iT2 < 0. As shown in Fig. 4(c), Lr and
Lp resonate with Cr; the energy stored in Lr is released to
charge the capacitor Cr; vp is clamped to —VT ; and iT2 is
negative, which indicates the conduction of Ds2 and Ds4.
Compared to Mode 1, the only difference in the
equivalent circuit in this mode is the sign of vp. Thus,
»(3) = o(1), and

3 — Ly
Ly + Ly
(10)

This mode terminates at time t4 when the current of Lr
decreases to zero, i.e., i(t4) = 0.

Mode 4—t € [t4, t5]: During which S1 is on, i(t) <0,
vp(t) = —VT , iT2 < 0, and Ds2 and Ds4 conduct. As
shown in Fig.4(d), a negative current flows through the
internal diode of the switch S1; the gate signal can be
removed to turn off the switch, e.g., at time t5, under the
ZCS condition. The circuit equations are the same as
those in Mode 3. Thus, ©w(4) = o(1), V (4) = V (3). At the

(Vi — V1)
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end of Mode 4, i(t5) =0, and the voltage across the switch
S1 is the same as that across the capacitor Cr, ie.,
vds1(t5) =v.

Mode 5—t € [t5, t6]: During which S1 is off, i(t) =0, vp
= —VT , and iT2 < 0. As shown in Fig.4(e), Lr and the
switch S1 can be neglected in the circuit. The inductor Lp
resonates with Cr, and the direction of ip changes from
negative to positive. The following can be obtained:

wi®) — 1/" a‘LF i o
Vi) = h—Vr (12)

At the end of Mode 5, ip(t6) = im(t6), iT2(t6) = 0, and vp
changes its polarity from negative to positive.

Mode 6—t € [t6, t7]: During which S1 is off, i(t) = 0,
ip(t) = im(t), and Ds1 — Ds4 are reverse biased, such that
iT2 = 0. As shown in Fig. 4(f), Lm and Lp resonate with
Cr, and Cr is charged. The following can be obtained:

we =1/4/(Lp+ L) - Cy = 1/y/Lyn - Cy
6
1 (6) — Vi

(13)

(14)
At time t7, v(t7) = VI + VT and vp(t7)= VT .
Mode 7: t € [t7, t8], during which S1 is off, i(t) =0, vp(t)
= VT, and Ds1 and Ds3 conduct. As shown in Fig.4(g),
Lp resonates with Cr, the circuit equations are the same as
those in Mode 5 except the sign of vp, then ®(7) = ©(5),
and

Vi) — Vi 4 Vir
15)

Once S1 is turned on at time t8, Mode 7 switches to Mode
1. There are five inductances LI, L2, Lr, Lpl, and Lm in
the proposed converter that need to be properly designed.
Lmis designed based on the following critical inductance

Lmc
Vol

4- Im.pk (16)

Where T is the switching period of the switch S1; Im,pk is
the peak current through the magnetizing inductor. In this
paper, the root-mean-square (RMS) value of the
magnetizing current is designed to be 2% of the RMS
value of ip. Then, Lm is designed to be larger than Lmc.
Once the transformer is designed, the leakage inductance
L'p of the transformer can be measured.Given the load
resistance RL and the transformer’s turn ratio n, the
quality factor Q of this LCL-resonant converter can be
calculated as follows

me —
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Where Z is the characteristic impedance of the resonant
circuit defined as follows:

L./} (Ly + LL)
Cr (18)

Given the desired value of Q and the value of RL, the
value of Z can be calculated from (16). In this paper, Q is
selected in the optimal range of [1.5, 5]. Specifically, the
value of Q is

Q=

Z:

| )

Fig. 4. Equivalent circuits for different operating modes. (a) Mode 1: Sl

ison,i>0,andvp=VT . (b) Mode 2: Sl ison, i >0, and ip = im. (c)

Mode 3: Sl ison,i>0,andvp=—VT . (d) Mode 4: SI is being turned

off,1< 0, and vp =—VT . (e) Mode 5: Sl is off, i=0, vp =—VT . (f)

Mode 6: S is off, i=0, andI p = im. (g) Mode 7: Sl is off, i=0, and vp
=VT
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3.7, when the nominal load is applied. Then, given the
resonant frequency, Cr can be calculated from (6) and
(18). Considering the necessary condition Lp > Lr to
achieve ZCS, Lr = Lp1 is selected, such that the currents
through the switch S1 and the transformer are close
during the resonant stage. Then, Lr and Lpl can be
calculated from (18) with the measured value of L'p.

The values of L1 and L2 are designed, according
to their desired current ripples [10]. In this paper, it is
expected that the current ripples are within 5% of their
nominal currents.

C. Buck and Boost Converter for Battery

The buck and boost converter consists of the
inductor L2, switches S2 and S3, and capacitor Cs. When
the generated solar power is larger than the power
required by the load, S3 is inactive and S2 is switched on
to form the buck converter. Then, the surplus energy
generated from the PV panel is stored in the battery. In
contrast, when the generated solar power is less than the
power required by the load, S2 is switched off and S3 is
switched on to form the boost converter. The battery is
discharged to Cs to provide the deficient energy required
by the load.

ITII. POWER MANAGEMENT OF THE PROPOSED
CONTROLLER

Two controllers are needed to manage the power
in the LVS. Their objectives are to regulate the output dc-
link voltage to a constant value and manage the power for
the two sources, respectively. According to the
availability of the solar power, there are three working
scenarios of the converter, as illustrated in Fig.5.

A. Three Working Scenarios

Scenario 1 (pl > pout): the available solar power is more
than the load demand. As shown in Fig.5(a), the PV
converter works in the MPPT mode; the battery is
charged so that the dc-link voltage is controlled at a
constant value.

P Three-port | pou
isolated DC-DC |

" [ Converter -I
MPPT

Battery
(a)
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Fig.5. Threeworking scenarios of the converter (the arrows show the

directions of energy flow). (a) Scenario 1 (pl > pout): PV works in

MPPT mode and the battery works in charge mode to absorb the surplus

solar energy. (b) Scenario2 (pl <pout): PVworksin MPPT mode and

battery works in discharge mode to provide the deficient energy. (c)

Scenario 3 (pl = 0): there is no solar energy available and battery is
discharged to supply load.

Scenario 2 (0 < p1 < pout): there is solar radiation, but the
solar power is not sufficient to supply the load. As shown
in Fig.5 (b), the PV panel is controlled in the MPPT mode
by the MPPT algorithm described later. On the other
hand, the deficient power is supplied by the battery,
which is discharged by the boost converter, so that the dc-
link voltage can be main tained at a constant value.
Scenario 3 (pl = 0): there is no solar power available and,
thus, the battery is discharged to supply the load, as
shown in Fig.5(c). The active switches are S1 and S3.
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Fig. 6. Overall block diagram of the system with controllers.
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Fig.7. Flowchart of the MPPT algorithm.

Proper controllers are designed to manage the
power of the system in different scenarios. Fig.6 shows
the overall system with controllers, which include a
MPPT controller for the PV panel and charge and
discharge controllers for the battery.

B. MPPT Controller for PV Panel

The proposed converter is applied for MPPT
control of a PV panel using the perturbation and
observation (P&0O) MPPT algorithm to maximize the PV
panel’s output efficiency. Fig.7 shows the flowchart of the
MPPT algorithm. A ratio rc is defined to specify the
relative power change (RPC) of the PV panel between
two consecutive sampling steps. Thus,

_ |Piu(k) — Pi(k— 1)
a Py (k—1)

Te

19)
b Lpar L 2 1-——5 [SE

N
S
w

|

:C}] Fl""t”
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Fig.8. Equivalent circuit ofthe battery with (a) the buck converter in
charge mode and (b) the boost converter in discharge mode.
Where P1(k) and P1(k—1) represent the measured output
power of the PV panel in the kth and (k — 1)th steps,

respectively.

It can be seen that, for the same power variation
value, rc is proportional to 1/P1 (k — 1). In this paper, the
switching period (T) will not be changed if the RPC is
lower than a predefined value (e.g., 10—4). As shown in
Fig. 7, the P&O MPPT algorithm is realized by the
frequency modulation method, where the conduction time
of S1, ie., ton, is fixed so that S1 can achieve soft
switching.

C. Charge and Discharge Controllers for Battery
Fig. 8(a) and (b) shows the equivalent circuit of the
battery and the converter when the battery works in the
charge and discharge modes, respectively. To simplify the
analysis, the battery is modeled as a capacitor Cb
connected in series with its internal resistance rb. Since
Cb is sufficiently large, the terminal voltage of the
battery, i.e., vbat, can be calculated as Vboc — ibat - 1b,
where Vboc is the open-circuit voltage of the battery.
Then, the transfer function between the battery current
ibat and the duty cycle d2 of the switch S2 in the charge
mode can be derived as follows:

o inals) A= Ve (s )
(7.(35) = = :

da(s)  gr (e 1) 44 fafniDs
(2 +7) £3C 20)

Where VI and Vbat represent the average voltages of the
PV panel and the battery, respectively; 12 and rb represent
the parasitic resistance of the inductor L2 and the internal
resistance of the battery, respectively; D2 is the steady-
state value of the duty cycle of the switch S2.

Similarly, the transfer function between ibat and the duty
cycle d3 of the switch S3 in the discharge mode is

fhat [ 2] Vi |;"'i '-'I".-}

Crals) = o S am—— ———
dz(s) g2 1 [ |' -t ] g :':._-“r”_.J

@D

To control the current of the battery, a
proportional-integral (PI) controller Kp + Ki/s is used in
the charge/discharge mode separately, as shown in Fig.6.
Each battery current PI controller takes the current error
as the input to generate the duty cycle for S2 or S3 in the
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charge or discharge mode, respectively. When the
reference current Ixbat is zero or negative, the charge PI
controller is selected, such that d2 > 0 and d3 = 0.
Otherwise, when the reference current I*bat is positive,
the discharge PI controller is selected, such that d3 > 0
and d2=0.

The bode plots of ibat(s)/d2(s) and ibat(s)/d3(s)
without the PI compensations (i.e., the open-loop transfer
functions). The plots imply that the two open loop
systems have low gains and 0-dB/dec slopes in the low
frequency region. Therefore, the design objective of the
PI compensation is to increase the low-frequency gains
and make them cross the 0-dB line with a —20-dB/dec
slope, while maintaining a sufficiently large phase margin
(> 45°) and a high crossover frequency. By setting the
crossover frequency in the range of one to several
hundred hertz with a phase margin of 70°, the charge and
discharge PI controllers can be derived. The bode plots of
ibat(s)/d2(s) and ibat(s)/d3(s) with the PI compensations
(ie., the closed-loop transfer functions). After the
compensations, the low frequency gains have been
increased, and the low-frequency slopes are changed to be
—20 dB/dec. The crossover frequencies corresponding to
the charge and the discharge controllers are 300 Hz and
400 Hz, respectively.

IV Permanent magnet synchronous motors (PMSM)

Permanent magnet synchronous motors (PMSM) are
typically used for high-performance and high-efficiency
motor drives. High-performance motor control is
characterized by smooth rotation over the entire speed
range of the motor, full torque control at zero speed, and
fast acceleration and deceleration. To achieve such
control, vector control techniques are used for PM
synchronous motors. The vector control techniques are
usually also referred to as field-oriented control (FOC).
The basic idea of the vector control algorithm is to
decompose a stator current into a magnetic field-
generating part and a torque generating part. Both
components can be controlled separately after
decomposition. Then, the structure of the motor controller
(vector control controller) is almost the same as a
separately excited DC motor, which simplifies the control
of a permanent magnet synchronous motor. Let’s start
with some basic FOC principles.
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Torque Generation

A reactance torque of PMSM is generated by an
interaction of two magnetic fields (one on the stator and
one on the rotor). The stator magnetic field is represented
by the magnetic flux/stator current. The magnetic field of
the rotor is represented by the magnetic flux of permanent
magnets that is constant, except for the field weakening
operation. We can imagine those two magnetic fields as
two bar magnets, as we know a force, which tries to
attract/repel those magnets, is maximal, when they are
perpendicular to each other. It means that we want to
control stator current in such a way that creates a stator
vector perpendicular to rotor magnets. As the rotor spins
we must update the stator currents to keep the stator flux
vector at 90 degrees to rotor magnets at all times. The
reactance torque of an interior PM type PMSM (IPMSM)
is as follows, when stator and rotor magnetic fields are
perpendicular. Torque=32pplPM Iqs pp — Number of pole
pairs | PM — Magnetic flux of the permanent magnets /qs
— Amplitude of the current in quadrature axis As shown in
the previous equation, reactance torque is proportional to
the amplitude of the g-axis current, when magnetic fields
are perpendicular. MCUs must regulate the phase stator
current magnitude and at the same time in phase/angle,
which is not such an easy task as DC motor control.

How to Simplify Control of Phase Currents to Achieve
Maximum Torque

DC motor control is simple because all controlled
quantities are DC values in a steady state and current
phase/ angle is controlled by a mechanical commentator.
How can we achieve that in PMSM control? DC
Values/Angle Control First, we need to know the rotor
position. The position is typically related to phase A. We
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can use an absolute position sensor (e.g., resolver) or a
relative position sensor (e.g., encoder) and process called
alignment. During the alignment, the rotor is aligned with
phase A and we know that phase A is aligned with the
direct (flux producing) axis. In this state, the rotor
position is set to zero (required voltage in d-axis and rotor
position is set to zero, static voltage vector, which causes
that rotor attracted by stator magnetic field and to align
with them [with direct axis]).
1 Three-phase quantities can transform into equivalent
two-phase quantities (stationary reference frame) by
Clarke transformation.
2. Then, we transform two-phase quantities into DC
quantities by rotor electrical position into DC values
(rotating reference frame) by Park transformation. The
electrical rotor position is a mechanical rotor position
divided by numbers of magnetic pole pairs pp. After a
control process we should generate three-phase AC
voltages on motor terminals, so DC values of the
required/generated voltage should be transformed by
inverse Park/Clarke transformations.

V.MATLAB/SIMULATION RESULTS

Fig 9Matlab/simulation circuit of isolated three-port bidirectional de—dc
converter for a PV and battery system

(b)
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Fig 10 simulation wave form of step responses: (a) profile of solar
radiation, (b) dc-link voltage response, and (c) PV power response.

(a)

(b)

c
Fig 11 Simulation results usingthe NREL data: (a) generated PV power
and (b) the dc-link voltage. (¢c) PV power response
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Fig 12 Matlab/simulation circuit of isolated three-port bidirectional de—
dc converter for a PV and battery system with PMSM drive
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Fig 13 simulation wave form of PMSM drive stator current, EMF, speed
and electromagnetic torque

VI.CONCLUSION

A high step-up three-port DC-DC converter for grid
connected power systems is proposed to integrate solar
and battery power. The model is developed and evaluated
for different load conditions, mode change conditions etc,.
The simulation results validate the functionality of the
proposed converter under different solar irradiation level
and load demand. Simulation results have shown that the
converter is not only capable of MPPT for the PV panel
when there is solar radiation but also can control the
charge/discharge of the battery to maintain the dc-link
voltage at a constant value. Moreover, the voltage stress
and the value of di/dt of the main switch have been
reduced compared with the corresponding hard-switched
converter. The charging/discharging transitions of the
battery could be achieved without changing the operation
mode; therefore, the MPPT operation will not be
interrupted. In light load condition, once the charging
voltage is higher than the present level, the operation
mode will be changed rapidly to protect the battery from
overcharging. The outputs of the inverter is connected to
the PMSM drive and study the characteristics of stator
current, EMF, and speed, torque
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