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Abstract: Renewable power systems as distributed generation (DG) units often experience big changes in the
inverter input voltage due to fluctuations of energy resources. Often, a front-end boost converter is added to
step up the DC voltage when the energy resources are at a weak point. However, when a very high boost gain
is demanded, the duty cycle may come to its extreme, and large duty cycle causes serious reverse-recovery
problem. This paper proposes a novel single-stage boost-type inverter especially for wind power generation.
By introducing a passive network including coupled inductors to the classic three phase bridge inverter, and
adjusting the shoot-through duty, the converter can output a stable AC voltage even when it is at a weak wind
level. The single stage operation of the converter can lead to improved reliability and higher efficiency.
Theoretical analysis, simulation and experimental results are presented to verify its good performance.
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1 Introduction

The increasing tension of the globe energy supply has
given a high impetus to the use of renewable energy re-
sources''. This presents a significant opportunity for
distributed power generation (DG) systems using re-
newable energy resources, including wind turbines, pho-
tovoltaic (PV) generators, small hydro systems and fuel
cells™. These DG units produce a wide range of voltages
due to the fluctuations of energy resources and impose
stringent requirements for the inverter topologies and
controls®™. Usually, a boost type DC-DC converter is
added after the DG units to step up the DC voltage.

This work is sponsored by the National Nature Science Founda-
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However, the classic boost converter may not be able to
provide enough DC voltage gain when the input is very
low, even for an extreme duty cycle. Large duty cycle
operation may also result in serious reverse-recovery
problem and increase the rating of switching devices.
Furthermore, the added converter may deteriorate the
system’s efficiency, increase system size, weight and
cost. So it’s desirable to have a single-stage high-gain
inverter if it’s efficiency effective.

Single-stage topologies, which integrate perform-
ance of each stage in a multistage power converter, are
becoming a research focus. Though they may result in
increasing control complexity, they have the attractive
potentials of higher efficiency, reliability, and lower cost.
It is observed that many single-stage topologies have



Power and Energy Engineering Conference 2010

been proposed®. A Z-source inverter!'! which can pro-
vide a wide range of bus voltage, has been applied to
renewable power generation system!'?!"*!. However, this
topology is complex, and the inductors and capacitors in
the Z-network should have high consistency. Moreover,
only the shoot-through state can be regulated when
higher voltage gain is required. Widening shoot-through
state will decrease modulation index and output voltage
amplitude.

This paper proposes a single-stage boost inverter
with coupled inductors. The dc-bus voltage can be
stepped up by using shoot-through state to store and
transfer the energy of the coupled inductors. It is suitable
for applications where the input voltage varies from a
relative low level to a higher level continuously when
outputting a stable AC voltage. The operating principle
of the novel inverter is presented in section 2. Section 3
analyzes the equivalent circuit under two boost modes
and its control strategy. Simulation and experiment re-
sults are included in section 4.

2 Topology and Operating principle

Variable speed wind turbines are known to provide
more effective power tracking than fixed speed wind
turbines!'*, while the output voltage of wind turbine may
at a low level regarding to a weak wind. Under this con-
dition, the single-stage boost inverter with a passive
network is introduced to capture and transfer the maxi-
mum power and provide a stable output voltage. Fig. 1
shows the proposed single-stage boost inverter for the
wind power system. The system includes a variable
speed wind turbine, diode rectifier with a capacitor, a
boost network and inverter bridge. The boost network
doesn’t introduce any switching devices, and may lead to
higher efficiency and lower cost. Two boost modes can
be achieved by regulating the shoot-through states, and
configuring the turn ratio and coupling coefficient of the
coupled inductors. The shoot-through state can be as-
sumed by turning on an upper switch and a lower switch
from the same phase-leg simultaneously. The control
methodology is to replace part or entire short-zero states
(upper switches or lower switches turning on simultane-
ously) with shoot-through states.
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Figure 1. Topology of the Novel Single-stage Boost Inverter

Operating principle of the single-stage boost in-
verter is analyzed under two conditions. When applying

93

7

»
%

% Scientific
% Research

9

o

the single-stage boost inverter to voltage drop compensa-
tion or applications where lower boost gain is needed,
the inductance of coupled inductors should be designed
large enough to ensure its continuous current mode.
When applying the single-stage boost inverter to higher
boost gain requirement, the inductance of the primary
inductor L, should be as small as to keep the circuit work
in discontinuous current mode. It needs to note that diode
D, series with L, is necessary to prevent load current
feedback to dc source.

3 Boost feature analysis and Control

Fig. 2 shows the equivalent circuit of the sin-
gle-stage boost inverter. The inverter bridge is equivalent
to a short circuit when the circuit is in shoot-through
states, as shown in fig. 2(a); while the inverter bridge is
equivalent to a current source when the circuit is in one
of the active states or in one of the short-zero states (the
current source is equal to zero), as shown in fig. 2(b). Fig.
3 shows the operation waveform of the current through
both sides of coupled inductors in one shoot-through
cycle Ty, under two working conditions, respectively.
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(b) Active State or Short-zero

(a) Shoot-through State
State

Figure 2. Equivalent Circuit of the Single-stage Boost Inverter

(a) Lower Boost Gain

(b) Higher Boost Gain

Figure 3. Operation Waveform of Current through Both Sides of
the Coupled Inductors under Two Boost Modes

3.1 Lower Voltage Boost Gain Application

In the lower voltage boost gain application, the key
point is the current through L, generally works in con-
tinuous mode, as showed in fig. 3(a).

Assuming that during one shoot-through cycle T,
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the inverter bridge operates in the shoot-through state for
an interval of 7y, and the diode D, is off. The voltages
across the both sides of coupled inductors are

Tl: =V

in

Vi, =Ve

)

During the non-shoot-through state for an interval
of Ty-Ty, the inverter bridge operation states include the
active states and short-zero states. In the short-zero states,
the energy stored in inductor L; and capacitors C, trans-
fer to the capacitors C; and inductor Ly through the diode
D,, respectively. The voltages across the both sides of
coupled inductors are

T sh'T 1: VL

P

v,

-7,

in >

-V,

=Y Vis =V —Va ()
where v, is the dc-bus voltage.

Considering that the average voltage of the coupled
inductors over one shoot-through cycle should be zero in

steady state, we have

(vh_Vin)XTZ:I/inxT; (3)

(Vb_VCI)XTszaXTl 4

From (1), (2), (3) and (4), the relationship between
dc-bus voltage and input voltage can be found as follows

1 1
Vv, = xV =—xV 5
b 1_7—1/7—;’1 in l-Dl in ( )
where D=T)/Ty, is shoot-through duty cycle. Define B is
boost gain, which can be expressed as

1

D ©6)

The boost gain is similar to that of classical boost con-
verter.

3.2 Higher Voltage Boost Gain Application

In the higher voltage boost gain application, the key
character is the inductance of primary side of coupled
inductors is less than that of secondary side, and the cur-
rent through L, generally works in discontinuous mode,
as showed in fig. 3(b).

In the 7 interval of shoot-through state as shown in
fig. 2(a), the voltages across the both sides of coupled
inductors can be expressed by (1).

In the T, interval of non-shoot-through state, the
current through L, decreases to zero in few microseconds.
The voltages across the both sides of coupled inductors
are

Tz: v

Lp

-V ., v

= v/) in Ls Vb - VCI

(7

In the T; interval of non-shoot-through state, the
voltage v; as shown in fig. 2(b) is higher than V;, due to
the current through diode D; keeps zero. The energy
stored in L and C, supply the inverter bridge.
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where M is the mutual inductance. The voltages across
the both sides of coupled inductors are

T3I

vw=M

Vip =V = Vs Yy =v,—Va

(€))
From (1), (7) and (9), the relationship between
dc-bus voltage and input voltage can be found as follows
(D,+D,)L,
= xV., (10)
D,L, +D1M(1—D1 -D,)

where D,=T,/Ty,. However, to define the coupling coef-

ficient
k=M/ L, %L,

and the effective turn ratio

n, =L, / L,
The boost gain B can be expressed as
D +D,)n
B — ( 1 2) e (13)
Dn,+D(1-D,-D,)xk
The output peak phase voltage v,. generated by the
inverter can be expressed as

vac = l mB Vin
2

S

v/:

)]

(12)

(14)

where m is the modulation index.

From equation (13), the boost gain is determined by
duty cycle Dy, D,, the turn ratio and the coupling coeffi-
cient of coupled inductors. As analyzed above, by de-
signing different coupled inductors and regulating the
duty cycle, the single-stage boost inverter can be applied
to voltage drop compensation or applications where low-
er boost gain is needed, also can be applied to higher
boost requirement.

When the voltage at the diode bridge provided by
generator in wind power generation approximately
300Vdc, without any boost mode, the voltage at the in-
verter bridge will also be approximately 300Vdc. So, the
inverter can only output voltage of 184Vrms based on
SPWM and the modulation index of 1. In order to obtain
voltage of 380Vrms, the minimum voltage at the inverter
bridge must be 620Vdc. Therefore, the voltage at the
inverter bridge needs to be boosted, and the single-stage
boost inverter with higher boost mode will be used.

All the traditional pulse width modulation schemes
can be used to control the inverter'””!. Fig. 4 shows the
simple boost PWM control method which directly inserts
shoot-through states into short-zero states without
changing the total zero state and the active state time
intervals. The equivalent dc-bus voltage is boosted be-
cause of the shoot-through states. Shooting through three
phase legs at the same time can reduce the current stress
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of each device, but the switching frequency is doubled.
When the modulation index m is set, the maximum
shoot-through state can be calculated by 1-m. So the
maximum shoot-through duty cycle is limited by modu-
lation index.

shoot-through zero states

Figure 4. The Simple Boost PWM Control Method

4 Simulation and Experimental Results

To confirm the principle presented above, simula-

tions and experiments have been preformed on prototype.

The DC input voltage generates from a wind power gen-
erator operating in a weak wind. The DC input voltage of
the single-stage boost inverter is 300V, and the AC out-
put voltage of the inverter is held constant at 380Vrms
and 50Hz. The symmetric resistor-inductor load is
300hm, cos $=0.8. The boost network parameters are
L,=354uH, L~=2.2mH, the coupling coefficient £k=0.8,
C=10uF, C,=47uF, L;=12uH. The modulation index is
set to 0.8, and switching frequency is 10 kHz. From the
simulation and experimental results of Fig. 5 and Fig. 6,
it is clear that the dc-bus voltage is stepped up to around
750V and the output voltage is 380Vrms.
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shoot-through
; __duty cycle
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de-bus voltage promoted to 750V
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Figure 5. Simulation Results
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Figure 6. Experimental Results
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5 Conclusions

This paper presents a novel single-stage boost in-
verter with coupled inductors which can output a stable
AC voltage even when the input is at a relative low level.
The inverter employs a unique passive network to con-
nect the inverter bridge to the power source, to provide
sufficient AC voltage to the load terminal. Boost opera-
tion happens when DC input is lower than the desired
dc-bus voltage, with properly designing the turn ratio and
coupling coefficient of the coupled inductors, and ad-
justing shoot-through duty cycle. An application on wind
power generation of this converter was analyzed, simu-
lated, and experimented with a common result of good
performance.
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