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Abstract—The objective of this paper is to propose the devel-
opment of a multiinput dc—dc converter (MIC) family, which is
composed of isolated and/or nonisolated dc—-dc converters. By an-
alyzing five basic isolated dc—dc converters, four isolated pulsating
voltage source cells and three isolated pulsating current source
cells are generated. Moreover, a semiisolated multiinput converter
(S-MIC) for hybrid PV/wind power charger system which can sim-
plify the power system, reduce the cost, deliver continuous power,
and overcome high-voltage-transfer-ratio problems is proposed. In
this paper, the operational principle of the proposed S-MIC is ex-
plained, the small-signal ac model is derived, and the controller de-
sign is developed. Computer simulations and experimental results
are presented to verify the accuracy of the proposed small-signal
ac model and the performance of the proposed S-MIC.

Index Terms—Hybrid power integration, maximum power point
tracking (MPPT), modeling, multiinput converter (MIC), renew-
able energy systems.

1. INTRODUCTION

OWADAYS, renewable energy sources such as solar pan-
N els or wind turbines have been developed rapidly [1], [2].
However, because of their intermittent feature, different types
of renewable energy sources should be integrated together in
order to deliver less fluctuated and more reliable energy to the
load [3], [4].

Generally, various sources can be connected in parallel at
the load through an intermediate power converter to draw the
maximum power and to increase the power reliability. However,
in order to increase the flexibility of power expansion and the
utilization of the power converter, different types of multiinput
dc—dc converters (MICs) have been proposed [S5]-[19].

The MIC can deliver power from different energy sources to
the load simultaneously or individually. A systematic approach
to develop the circuit topologies of the MIC had been proposed
[20]. In [20], the concept of pulsating source cell (PSC), includ-
ing pulsating voltage source cell (PVSC) and pulsating current
source cell (PCSC), was first proposed and rules of connecting
them with other dc—dc converters were established. However,
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in the previously published paper, the authors only focus their
efforts on the six basic nonisolated converters, which are buck,
boost, buck—boost, Cuk, SEPIC, and Zeta converters. For some
applications with the need of high voltage-transfer-ratio or elec-
tricity isolation, the isolated power converter should be consid-
ered. Therefore, the synthesis of isolated MICs (I-MICs) with a
concise and systematic approach should be developed.

To synthesize the MIC with isolation property, the isolated
PSC (I-PSC) needs to be generated in advance. The developed
I-PSCs in this paper and the previously proposed PSCs in [17]
and [20] can be integrated with either isolated or nonisolated
converters to synthesize different types of MICs. Eventually, the
synthesized MIC can be further divided into three categories:
Nonisolated MIC (N-MIC), I-MIC, and semiisolated MIC (S-
MIC), which will form the whole MIC family. The N-MIC has
no isolated transformer within the converter, while each energy
source of the I-MIC is electrically isolated to the load. For the
S-MIC, only some of the energy sources are isolated to the load.

For the hybrid PV/wind power charger system application,
since the output voltage of the battery and PV module are usu-
ally quite low and the rectified output voltage of the small-scale
wind turbine might be much higher, the N-MIC might encoun-
ters some implementation difficulties due to the high voltage-
transfer-ratio. Therefore, in this paper an S-MIC consists of a
forward-type isolated PVSC (I-PVSC) and a buck—boost prime
converter is proposed for the hybrid PV/wind power charger
system to realize the maximum power point tracking (MPPT)
function for each PV/wind source.

The MIC has several advantages such as providing simple cir-
cuit topology, centralized control, and low-manufacturing cost
and size. However, it also contains multiple interacting vari-
ables. Therefore, in order to increase the dynamic response and
stability of the MIC, the small-signal analysis of the MIC is nec-
essary. Moreover, due to the cross-coupling nature of the MIC,
the controller design is not as straightforward as the controller
design in a single-input single-output system. The control loop
needs to be decoupled in order to separately design the closed-
loop controllers. Many literatures have been found focusing on
the modeling and control of a MIC [21]-[25]. For example, a
two-loop control strategy for a buck-type PVSC SEPIC prime
converter has been proposed in [21], with the small-signal ac
model developed for dc battery sources and a dc load. The
control strategy, power management, small-signal ac model,
and decoupling network for an integrated three-port converter
has been proposed in [23]. However, among these papers, the
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Fig. 1. Transformer equivalent circuit models. (a) Real transformer. (b) Sim-
plified transformer.

formation of different circuit topologies was not explained, and
their algebraic pole-zero form models have not been derived.

In this paper, the I-PSCs based on the operation principle
of the isolated dc—dc converters are developed, the complete
circuit topologies of N-MIC, I-MIC, and S-MIC are obtained,
the operational principle of the proposed S-MIC for a hybrid
PV/wind power charger system is explained, the small-signal
ac model is derived, and the controller design is presented.
Computer simulations and prototype circuit experimental results
are presented to verify the accuracy of the small-signal ac model
and the performance of the proposed S-MIC.

II. ISOLATED PSCs

As the PVSC and the PCSC are generated from the six basic
PWM converters [20], the I-PVSC and I-PCSC should be gen-
erated from basic isolated dc—dc converters too. Basically, the
circuit topologies for isolated dc—dc converters can be catego-
rized as: flyback, forward, half-bridge, full-bridge, and push-
pull. For an isolated dc—dc converter, the transformer plays the
most important role in the circuit topology. Before the I-PVSC
and I-PCSC can be developed, the transformer model need to
be determined in advanced.

A commonly used real transformer circuit model is shown in
Fig. 1(a), which consists of an ideal transformer and other para-
sitic components, such as the winding resistance Ry, and Ry,
the leakage inductance Lj;; and Lj», the magnetizing induc-
tance L,,, and the magnetizing resistance R,, . However, except
for the L,,, the Ry, Rp2, Li1, Lro, and the R,, do not in-
volve in the operation principle of the isolated dc—dc converter.
They only affect the efficiency of the transformer. Consequently,
the simplified transformer circuit model used in this paper only
consists of an ideal transformer and a magnetizing inductor as
shown in Fig. 1(b). Furthermore, the L,, will not affect the op-
eration principle of the half-bridge, full-bridge, and push—pull
dc—dc converter, and it can be further neglected.

Besides the transformer circuit mode, different types of
rectifier circuit topologies can be used at the secondary side
of the transformer to provide the desired dc output. There are
mainly two types of rectifiers available: the full-bridge type and
the central-tapped one as shown in Fig. 2(a) and (b), respec-
tively. The full-bridge rectifier needs four diodes but each diode
has lower voltage stress. Besides, the realization of the trans-
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Fig. 2. Different types of rectifier circuits for transformer secondary side.
(a) Full-bridge type. (b) Central-tapped type.
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Fig. 3. Flyback converter and its developed I-PCSC. (a) Flyback converter.
(b) Flyback-type I-PCSC.

former is easy, and there is no secondary winging imbalance
problem. Therefore, the full-bridge-type rectifier is selected in
this paper, although the central-tapped type one can achieve the
same function.

In the following, different types of I-PVSCs and [-PCSCs
will be developed based on the above mentioned basic isolated
PWM converter with a simplified transformer circuit model and
full-bridge-type secondary rectifier.

A. Flyback

The circuit topology of a flyback converter is shown in
Fig. 3(a) with the input portion (IP) and output portion (OP)
marked. Since the flyback converter uses the magnetizing in-
ductor of the transformer as the energy storage component, a
high-frequency pulsating current will flow out the second wind-
ing of transformer. Eventually, the flyback-type I-PCSC can be
defined and showed in Fig. 3(b).

B. Forward

A forward converter circuit topology with the reset winding
is shown in Fig. 4(a) with the IP and the OP marked. When the
power switch is turned ON, the input voltage will be forwarded
to the secondary winding of the transformer. During the turn-
off stage, the rectifier diode D; will prevent the reverse power
flow, and the reset winding will demagnetize the transformer via
the input voltage source. To form an I-PVSC with a pulsating
voltage train, the parallel diode D, needs to be included to
provide a current path for other sources. Therefore, the forward-
type I-PVSC is obtained and shown in Fig. 4(b).
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Fig. 4. Forward converter and its developed I-PVSC. (a) Forward converter.

(b) Forward-type I-PVSC.
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Fig. 5. Push—pull converters with different input sources. (a) Voltage-fed.
(b) Current-fed.
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Fig. 6. Different push—pull-type I-PSCs. (a) Push—pull-type I-PVSC.
(b) Push—pull-type I-PCSC.

C. Push—Pull

The push—pull converter can be further classified as a voltage-
fed converter or a current-fed one as shown in Fig. 5(a) and
(b), respectively. In Fig. 5(a), the power switches S; and S,
will generate an ac pulse-train voltage on the secondary side
of the transformer, while the rectifier diodes D, — D, transform
the output voltage into a dc pulsating voltage source. Therefore,
the voltage-fed push—pull-type I-PVSC can be obtained and
shown in Fig. 6(a).

Similarly, a pulsating current source can be obtained at the
output terminals of the current-fed push—pull converter beyond
the rectifier diodes. Eventually, the push—pull-type [-PCSC can
be obtained as shown in Fig. 6(b).

D. Full-Bridge

Full-bridge converters are also found to have both the voltage-
fed type and the current-fed type. Circuit topologies of them with
IP and OP marked are shown in Fig. 7. The operation principle
of the full-bridge converter is similar to the one of the push—pull
converter except that four switches are needed and only one
primary winding of the transformer is required.

By following the development methodology of the push—pull-
type I-PVSC or I-PCSC, the full-bridge-type I-PVSC or I-PCSC
are illustrated in Fig. 8(a) and (b), respectively.
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Fig. 7. Full-bridge converters with different input sources. (a) Voltage-fed.
(b) Current-fed.
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Fig. 8. Different full-bridge-type I-PSCs. (a) Full-bridge-type I-PVSC.
(b) Full-bridge-type I-PCSC.

Fig. 9. Half-bridge converter and its developed I-PVSC. (a) Half-bridge con-
verter. (b) Half-bridge-type I-PVSC.

E. Half-Bridge

The half-bridge converter needs two series-connected capac-
itors to form a voltage source. Therefore, it is always a voltage-
fed converter. To form a current-fed half-bridge converter, an
auxiliary circuit is needed [26]. However, this attempt is beyond
the scope of the basic isolated converter and is not included.
Fig. 9(a) shows the circuit topology of the half-bridge con-
verter with IP and OP marked. The operation of the half-bridge
converter is similar to the one of the voltage-fed full-bridge con-
verter. Hence, the half-bridge-type I-PVSC can be obtained as
shown in Fig. 9(b).

By inserting the newly developed I-PVSCs/I-PCSCs or the
PVSCs/PCSCs, proposed in [20], into different types of non-
isolated or isolated dc—dc converters, different types of MICs
can be obtained. Based on the isolation condition between the
input sources and the output load, the whole MIC family should
include three series: N-MIC, S-MIC, and I-MIC. The N-MIC
series had been well developed in [20]. The S-MIC can be syn-
thesized by inserting the I-PVSC or I-PCSC into the nonisolated
prime converter, or by inserting the PVSC or PCSC into the iso-
lated prime converter. In the former case, the [-PVSC or I-PCSC
can be inserted into the energy buffer portion or the OP of the
nonisolated prime converter. But, in the latter case, the PVSC
or the PCSC can be only connected to the OP of the isolated
prime converter. The I-MIC can be synthesized by inserting the
I-PVSC or I-PCSC into the isolated prime converter. Because
the isolated prime converter only has the OP for the I-PVSC
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TABLE I
SYNTHETIC CIRCUIT TOPOLOGIES OF THE S-MIC SERIES WITH ISOLATED
PRIME CONVERTERS

PC\PSC FR FL VF-PP CFPP VF-FB CF-FB VF-HF
PVSC Buck-type 1 N/A 2 N/A 3 N/A 4
Cuk-type 5 N/A 7 N/A 7 N/A 8
Zeta-type 9 NA 10 N/A 11 N/A 12
PCSC Boost-type  N/A 13 N/A 14 N/A 15 N/A
BB-type N/A 16 N/A 17 N/A 18 N/A
SEPIC-type N/A 19 N/A 20 N/A 21 N/A

PC: Prime Converter, PSC: Pulsating Source Cell, FR: Forward, FL: Flyback, PP: Push-Pull,
FB: Full-Bridge, HB: Half-Bridge, VF: Voltage-Feed, CF: Current-Feed, BB: Buck—Boost

TABLE I
SYNTHETIC CIRCUIT TOPOLOGIES OF THE S-MIC SERIES WITH NONISOLATED
PRIME CONVERTERS

PC\PSC Buck Boost BB  Cuk Zeta SEPIC

I-PVSC FR-type 1 N/A 22 5 9,23 24
VF-PP-type 2 N/A 25 6 10, 26 27
VF-FB-type 3 N/A 28 7 11,29 30
VF-HF-type 4 N/A 31 8 12,32 33

I-PCSC FL-type N/A 13 16 34" 35* 19, 36"
CF-PP-type N/A 14 17 37" 38" 20, 39*
CF-FB-type N/A 15 18 40" 41" 21, 42*

PC: Prime Converter, PSC: Pulsating Source Cell, FR: Forward, FL: Flyback, PP:
Push-Pull, FB: Full-Bridge, HB: Half -Bridge, VF: Voltage-Feed, CF: Current-Feed,
BB: Buck-Boost

TABLE III
SYNTHETIC CIRCUIT TOPOLOGIES OF THE I-MIC SERIES

PC\PSC FR FL VFPP CFPP VEFB CFFB VFHF

I-PVSC  FRtype 43 NA 44 N/A 45 N/A 46
VE-PP-type 44 NA 47 N/A 48 N/A 49
VF-FB-type 45 N/A 48 N/A 50 N/A 51
VF-HF-type 46 NA 49 N/A 51 N/A 52

I-PCSC FL-type NA 53  NA 54 N/A 55 N/A
CF-PP-type N/A 54  N/A 56 N/A 57 N/A
CF-FB-type NA 55  NA 57 N/A 58 N/A

PC: Prime Converter, PSC: Pulsating Source Cell, FR: Forward, FL: Flyback, PP: Push-Pull,
FB: Full-Bridge, HB: Half-Bridge, VF: Voltage-Feed, CF: Current-Feed

or I-PCSC to insert in, the member number of I-MIC series
is relatively smaller. In this paper, the synthetic circuit topolo-
gies of the S-MIC series are list in Tables I and II, while those
ones for the I-MIC series are listed in Table III. In those tables,
instead of circuit diagrams, numbers are adopted to represent
different topologies. The same number in different tables indi-
cates the same circuit topology, and those PSC which cannot
find a suitable portion to synthesize a MIC will be mark as not
available (N/A). The quasi-MICs with inserted PSC that cannot
deliver power to the load individually are marked by asterisks.
It should be mentioned that the developed MICs in this paper
can be expanded to more than two input voltage sources.

For the hybrid PV/wind power charger system application,
since the output voltage of the battery and PV module are usually
quite low and the rectified output voltage of a wind turbine might
be much higher, an S-MIC composed of a portion for high step
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Fig. 10.  Schematic diagram of the proposed S-MIC for hybrid PV/wind bat-
tery charger.

down and a portion for both step up and step down will be
a good solution. Moreover, due to the intermittent features of
the renewable energies, the S-MIC needs to have the ability to
deliver power from each input source to the load, individually
or simultaneously. Several S-MICs in Tables I and II can meet
the requirements, except those composed with buck or boost
and quasi-MICs. However, most of them have too many passive
components or just simply sharing the output filter capacitor.
Therefore, an S-MIC consists of a forward-type [-PVSC and a
buck—boost prime converter is proposed for the hybrid PV/wind
power charger system to realize the MPPT function for each
PV/wind source.

III. PROPOSED S-MIC FOR HYBRID PV/WIND
BATTERY CHARGER

The schematic diagram of the proposed S-MIC for hybrid
PV/Wind battery charger is shown in Fig. 10. The input voltage
sources Vpy and Viyinq are the output terminals of the PV panel
and the rectified output voltage of a wind turbine driven per-
manent magnet synchronous generator (PMSG). By controlling
the switches S; and S5, both sources can achieve their maxi-
mum power with appropriate MPPT algorithm individually or
simultaneously.

According to the status of the power switches, there are four
different operation modes which can be explained as follows.

Mode I (S1: ON, Sy: ON): The equivalent circuit for mode I
is shown in Fig. 11(a), where both S; and Sy are turned ON,
and Dy—D, are turned OFF with reverse-biased voltages. In this
operation mode, the input sources Viyinq and Vpy are connected
in series to charge the energy storage component inductor L.

Mode II (S1: ON, So: OFF): The equivalent circuit of mode
II is shown in Fig. 11(b), where the power switch S; is turned
ON and S, is turned OFF. The diode D, and D3 are reverse
biased and can be treated as an open circuit. On the other hand,
power switch S, for the input source Vpy is turned OFF, and the
power diode D, will provide a bypass path for inductor current
i11. In this mode, the input source Viyi,q will charge the energy
storage component inductor L;, as well as provide the electric
energy for the battery.
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Fig. 11. Operation modes and equivalent circuits of the proposed hybrid
PV/Wind battery charger. (a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.

Mode I1I (S;: OFF, S5: ON): Fig. 11(c) shows the equivalent
circuit for mode III. The power switch S; is turned OFF, and
Ss is turned ON. Also, the power diode D; and D, are reverse
biased as open circuits, while Dy and D3 are forward biased
as short circuits. In this operation mode, the transformer will
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be reset. The input source Vpy will charge the energy storage
component inductor L .

Mode IV (S:: OFF, Sy: OFF): The equivalent circuit for mode
IV is shown in Fig. 11(d), with both .S; and S5 are turned OFF.
Power diodes Dy and D, will provide the current path for the
inductor current. In this mode, the input sources Viyinq and Vpy
are disconnected from the proposed double-input converter, and
the transformer will be reset. The electric energy stored in L
will be released into the load.

The input—output voltage relationship of the proposed S-MIC
can be derived from the steady-state volt—second balance anal-
ysis of the inductor. When d; > d», the equivalent operation
circuit of the proposed converter during one switching cycle
will follow the sequence of modes I, II, and IV, where d; and
do are duty ratios for S7 and S, respectively.

By applying the volt—second balance theorem on the inductor
Ly, the following equations can be obtained:

do T (N Viying + Vov) +
(di — do)Ts (NViwina — Vhat) — (1 — d1 )T Viar =0 (1)

where T is the switching period and N is the turn ratio defined

as N2 /N1 .
From (1), the output voltage expression can be obtained as
NVwinady | Vpvds
Viat = . 2
ST g T dy) @

If dy > d;, the equivalent operation circuit of the proposed
converter in one switching cycle will follow another sequence
of modes I, III, and IV. The same output voltage expression
of (2) can be obtained. As shown in (2), if any one of the
voltage sources is not available, i.e., either d; = 0 or ds = 0,
the proposed S-MIC can still achieve the desired output voltage.
(2) also reveals the advantage of the semiisolated configuration
under high-voltage-transfer-ratio applications, since the power
switches can be operated under moderate duty cycle with less
current stress and higher efficiency.

It should be mentioned that both the S-MIC and the convert-
ers with parallel-connected configuration have their pros and
cons. For instance, the proposed S-MIC has larger conduction
losses because of the series connected diodes and transformer
compared to two parallel-connected individual FB and BB
converters. However, by saving the power losses from the re-
duced number of filter, auxiliary power source, and peripheral
circuit, the overall efficiency of the S-MIC may be increased.
Besides, the reduced size, weight, and cost are always the ad-
vantages of the S-MIC.

IV. SMALL-SIGNAL AC MODEL

The voltage—current characteristic of the wind turbine driven
PMSG is similar to the one of the PV panel. Therefore, under
steady state, both the wind turbine and the PV panel can be
represented, respectively, by a voltage source Vi or Vs, in
series with a resistor R, or R, 2, whose value depends on the
operating condition [27]-[29].

By using the state-space averaging method [30], the small-
signal ac model of the proposed hybrid PV/wind battery charger,
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as shown in Fig. 10, are represented in matrix form as
i= A%+ Bu
y= CZ+ Du 3)

where the state variable x, input vector #, and output vector y,
and parameter matrixes A B C D can be defined as

[2] = [vwina vev  ir1]"
W] = [di do vpar)”
r 1 0 Nd; 7
ClReql CVl
1
A= 0 — —d
CaR 2 ’
Nd; d .
L Ly Ly i
r NI
0 0
Cy
B = 0 Iy 0
CNVeyvi Veve +Viay  d2 —1
LT, I I
1 0 O
C= 101 0]; D =0. 4)
0 0 0

The small-signal ac model transfer function matrix G of the
converter can be obtained as

G=C(sI-A)"'B+D )

where [ is the identity matrix.
According to the number of control variables and (5), the rela-
tionship of the transfer function matrix are obtained as follows:

dy
UWind Gu G2 Gis J ©
= >
vpy Ga1 Gao G
Ubat
y G ——

u

where component G ; represents the transfer function between
y; and u;. Table IV lists the derived open-loop control-to-input
transfer functions of the S-MIC with appropriate approximation.
The derived transfer functions and parameters in Table IV are
the key components in the control loop and are the foundation
of controller design.

V. CONTROLLER DESIGN

In order to improve the frequency response of the system and
achieve desired MPPT performance with input voltage regula-
tion, an appropriate designed compensator based on the transfer
function developed in the previous section is necessary. The
control-to-input voltage transfer functions are the key compo-
nents of the loop gain and have a significant effect on regulator
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Fig. 12.  Control block diagram of the proposed S-MIC.

performance, which further relates to the MPPT performance.
However, due to the interaction between the two control loops,
the design of the compensators is no longer as straightforward
as it used to be for a single-input converter. Fig. 12 shows
the control block diagram of the proposed S-MIC, where the
closed-loop control-to-input transfer functions can be derived
using Mason’s gain formula [31], and the expression of the two
loop gains, T} (s) and T5(s), measured at the designated loca-
tion are shown in (12) and (13). The results show that if T’y ()
and Ty (s) are both larger than unity, which can be achieved
easily with proper design before the crossover frequency, the
complexity can be reduced and the decoupled control-to-input
transfer functions G (s) and G2 (s) can be obtained

| Tp(s) - Tols)
14+ Ty (s)

T1 (S) = TX (S)
Gz -Gy
G2

~ (G11
Gy

_ Tp(s) - To(s)
1+ Tx(s)

G2 -G

~ (G22 _ 12G11 21

Go

> Fay - Ai(s)  (12)

Ty(s) = Ty (s)

> Fyro - As(s).  (13)

From (12) and (13), and the control-to-input transfer functions
listed in Table IV, the transfer functions of G (s) and G (s) can
be derived as
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TABLE IV
OPEN-LOOP CONTROL-TO-INPUT TRANSFER FUNCTIONS
Open-loop control-to-input transfer functions
S N
- 2 {1+]~[1+]
G (s) Y Wind Ch 'N'Reqm U 'Reqz dy +d N Vg ) @ ;) @ )
1 s)=—= - :
d, Ry, (Cy-d’ -N+C -d,") A(s)
S
- [1+ ]
G.. (s) Viind Copdi"N-Ryp Vpy +Vyy —dy 111" Ryy) D3 @)
a8} =T BT
d, Ry, (Cy-d” N2 +C -dy") A(s)
S
~ 1+
% Cody N-Ryp Vg —dy-N-Tp-Rppy) D ;4
Gy(s)=——=- z S : . ©)
i R, (Cy-d" -N"+C-d,") A(s)
N S
N - gEATES
G, (5) Ver Co Reg Uy "Ry -dy” -N"+dy-(Vpy +Vy,)) D5 D 6 (10)
o \¥) = T m :
d, Ry, (Cy-d* N*+C -d,) A(s)
Parameters
2 2
1 dZ .[Ll.Rqu dl.N.VWind d2 .ILI.Rqu
wzl = + 5 sz = - 5
Cz'Reqz Cz dl‘N‘Reqz‘VWind Iy 1 Iy -Ly Cz‘dl'N'Reqz‘Vwmd =1Ly
1 dz'ILl'Reqz 1 1 ILl'Reql.
D3 = - z4 T °
¢, 'Reqz ¢, Rqu Wy + Vbal) ¢, 'Reql ¢, 'Reql Vwina
2 3 2 2
1 . dl N 'ILI 'Reql 5 dz '(VPV + Vbal ) d] "N 'ILI 'Reql
D,5 = > z6 - H
Ci Ry Ciody Ry -Vpy +Vy ) =1L, Ipy-Ly Ciody Ry - Vpy V) =1Ly
[ 2]
s s s
A(s) = 1 —— |1 4 + | — |;
@ { Qu, @ J
1 d,> 4 -N? d,> 4N’
wpl 509 = + ’ = Cn Reqn (11)
Cm Reqm Cz 'Ll Cl 'Ll Cz 'Ll CI 'Ll
(1:2 if d,-N<d,
m:.n =
2:1 if d,-N>d,
where double pole with sharp phase change at the corner frequency is

ILI -N - Reql : [dl -N - ‘/\’Vind + d2 . (VPV + Vi)at”

K, =
! Iy Regi - d3 - N?2+dy - (Voy + Viar)
K Ini - Rego - [di - N - Viyina +da - (Vov + Viat)]
’ ILl : R(:q? : d% + dl "N - VVVind
w.r = d2 . (VPV + ‘/bat) dl -N - ‘/V\'ind
- Ity - Ly Iri - Ly
Wp2 = W55 Wp3 = W65 Wps = W15 Wps = W2. (16)

Equations (14) and (15) show the decoupled control-to-input
transfer functions G (s) and G (s). One important difference,
compared to the open-loop control-to-input transfer functions
G11(s) in (7) and G952 (s) in (10), is that the high-quality factor

divided into two single, well-separated low quality factor poles.
Therefore, the phase change of (14) and (15) will be smoother
than those of (7) and (10), and the system stability can be easily
achieved with proper controller design. However, due to the in-
termittent features of the renewable energies, the S-MIC will de-
liver power from each input source to the load either individually
or simultaneously. Therefore, the compensator designed for
each control loop has to be stable for both the decoupled control-
to-input transfer function and the corresponding forward or
buck—boost control-to-input transfer function, respectively.

By setting some parameters in (7) equal to zero, those who
are not included in a forward converter such as the duty ratio
ds, the capacitor C, and the resistor R, , the control-to-input
transfer function of the forward converter G (s) can be derived
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as
Gd.f(s) = G1(s) ,éZi%
Rajz_:()
_ VWind <1 + jj)
= — 0 .1+ - +(L>2 (17)
Qf‘wof wo
where
dy - N dy - N
= T =C, R,y ————
Wo f m Qf 1 eql I..0
di - N - Viyina
ST T L 18
s I.1- Ly (18)

Similarly, the control-to-input transfer functions of the buck—
boost converter Gy (s) can be derived from (10) as

Gdb(S) = G22(S) d=0
C1=0
Rog1=0
N=0
s
1+
Wy + W ( wz9>
= - : > (19)
d2 1 + ; + <S>
Qy - wop Wob
where
dg d2
wop .G Qv 2 Repr Z=
oy = dy - (Vpv + ‘/bat). 20)

Irq - Ly

By examining (14) and (17), a type-III compensator with two
zeros and three poles and the ability to stabilize the system in all
modes is introduced to the control loop of the wind turbine. For
the proposed S-MIC applications, the quantities of the induc-
tance and the capacitance are within the order of microhenry or
microfarad. With the practical circuit parameters quantities, it
can be observed that the denominator of wy is smaller than the
denominator of wy,» and w3, while the numerator of wy is at
the same level to the numerator of w,» and much smaller than
the numerator of w,3. Therefore, the angular frequency wy; will
be larger than w2, but smaller than w,,3. Hence, by placing the
two zeros on wy,» and wy,3, the double poles at wy; will also be
surrounded and the excessive phase lag can be reduced. How-
ever, if w,s or w3 is too far apart, the zeros can also be placed
closer to wyy without affecting the stability. Then, one pole is
placed at the origin to increase the magnitude of the loop gain
at low frequency, another pole is placed on w.g to cancel out
the effect of the zero, and the last pole is used to attenuate the
switching noise. Similar results can be discovered for the con-
trol loop of the PV by examining (15) and (19) with the same
procedure.
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TABLE V
SPECIFICATIONS FOR BOTH SIMULATION AND EXPERIMENT

Symbol Meaning Value
Vv mpp MPP voltage of PV 35V
Ipv mpp MPP current of PV 333A
VWind,mpp Rectified MPP voltage of wind turbine 75V
Iyind,mpp Rectified MPP current of wind turbine 2A
Viat Battery voltage 24V
Ly Output inductor 200 pH
(& Input capacitor 100 uF
Cy Input capacitor 200 uF
fsw Switching Frequency 50 kHz
N Turn Ratio of the transformer Ny /N 0.667
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Fig. 13.  Bode plot of G; .

VI. COMPUTER SIMULATIONS AND EXPERIMENTAL RESULTS

To verify the feasibility and performance of the proposed S-
MIC for the hybrid PV/Wind power charger system, both com-
puter simulations and hardware experiments with specifications
listed in Table V are carried out. The circuit simulation software
PSIM is adopted to obtain the simulated behavior of the pro-
posed S-MIC. The software MATLAB is adopted to draw the
bode plots of those data obtained from the derived mathematical
equations, computer simulations, and hardware measurements.

In order to testify the validity of the derived decoupled
control-to-input transfer functions shown in (14) and (15), two
different compensators A; (s) and As (s), based on the controller
design criterion proposed in the previous section, with crossover
frequency at 1 kHz, are designed as

1.0e"s% + 3.77e!%s + 1.97¢!3
34.653 + 1.4e52 4 9.87es
3.5e7s2 + 1.65¢%s + 1.24¢'?
3.11s% 4 1.26e%s% + 8.88e8s”
Figs. 13 and 14 show the frequency responses of G (s) and

G4 (s), where both magnitude and phase curves of the trans-
fer function obtained from the mathematical model and PSIM

Ai(s) =

Ay(s) = @1
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simulation are shown on the same chart. Since the state-space av-
eraging models are accurate only up to the half of the switching
frequency, the frequency response of the derived mathematical
models are found to be coincided with the simulated ones up to
tens of kilohertzs.

After testifying the validity of the derived decoupled control-
to-input transfer functions, the stability of the S-MIC under pure
forward and buck—boost operation has to be confirmed. Figs. 15
and 16 show the frequency responses of the loop gains T and
T}, where the corresponding control-to-input transfer functions
Gy (s) and G (s) are compensated by the compensator A (s)
and A, (s), respectively. The results show that the S-MIC will
be stable under pure forward and buck—boost operation, since
the phase margins are both greater than 45°.

A hardware prototype with the same circuit parameters and
controller used for simulation has been built and tested to ver-
ify the accuracy of the small-signal model and the performance
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of the proposed S-MIC. The PV simulator, Agilent E4360A,
is used to simulate both the rectified wind turbine and the PV
panel. The MPPT function and the compensator are realized by
a digital controller dsPIC33FJ16GS502. Figs. 17 and 18 show
the comparisons between the simulation loop gain, experimen-
tal loop gain, and the loop gain derived from the small-signal ac
model. Due to the digital control loop time delay resulting from
analog to digital conversion, computation and so on, the time
delay of switching converters is usually equal to one switching
cycle [32], [33]. The model with the time delay effect consid-
ered by the Padé approximation is added in the comparison.
It should be mentioned that the experiment bode plots of the
prototype circuit are obtained by using the frequency response
analyzer AP-300. The results validate the accuracy of the devel-
oped small-signal ac model since its bode plot coincides with
the simulation and digital hardware experiment results for up
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to almost half of the switching frequency. Figs. 17 and 18 also
show that the S-MIC is stable with the controller obtained by
the proposed design criteria since the phase margins are greater
than 45°.

The hardware measurement waveforms of the prototype
S-MIC for the hybrid PV/wind battery charger with MPPT fea-
ture are shown in Fig. 19. The result presents the performance of
the input voltage regulator at different voltage level, and show
that both sources can deliver power to the battery simultaneously
and achieve their maximum power point without affecting each
other.

It is well known that the renewable energy has an intermit-
tent feature. Therefore, to verify the transient response of the
proposed S-MIC with the ability to deliver power to the battery
either individually or simultaneously, the input voltage of the
PV module or the wind turbine will be forced to turn OFF for a
period of time then resume on afterward.

Fig. 20 shows the measured input voltages and current when
the wind turbine and the PV module has sudden power OFF—ON
changes, respectively. It can be clearly seen that the operation of
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Fig. 20. Sudden power OFF-ON changes of the wind turbine and the PV

module.

the other input source is not affected by the sudden change of the
wind power or the PV module. It also reveals that the proposed
S-MIC can transfer power from two different sources either
simultaneously or individually, without affecting each other’s
operation. The experimental results verify the performance of
the controller for the proposed S-MIC.

VII. CONCLUSION

In this paper, four I-PVSCs and three I-PCSC are developed
based on the circuit structure of five basic isolated dc—dc con-
verters. A systematic approach to synthesize the MIC family and
the combinations of the S-MIC and I-MIC series are presented.
A S-MIC for hybrid PV/wind power charger system, which can
simplify the power system, reduce the cost, deliver continuous
power, and overcome the high- voltage-transfer-ratio problem
has been proposed. The operation principle of the proposed S-
MIC, formed by a forward-type PVSC and a buck-boost prime
converter, has been introduced. The small-signal ac model of the
proposed S-MIC has been derived, and the controller design has
been developed. Computer simulations and prototype hardware
circuit experimental results are presented to verify the accu-
racy of the proposed small-signal model and the performance of
controller for the proposed S-MIC for hybrid PV/wind battery
charger system.
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