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Modeling of Nine-Switch-Converter Based on Virtual
Leg and Its Application in DFIG Wind

Generation System
Kai Wang , Jingmei Zhang , Yi Pang , Dongxing Xu , and Lei Pan

Abstract—This article proposes a doubly fed induction gener-
ator (DFIG) wind energy conversion system (WECS) based on
nine-switch converter. In this article, a new concept of virtual-leg
is proposed, and the equivalent mechanism between the nine-
switch converter and the dual six-switch converter is first proposed.
Furthermore, a mathematical model of the nine-switch converter
based on the unipolar binary logic switching function is estab-
lished. In order to simplify the mathematical model of the nine-
switch-converter-based DFIG-WECS, the parameter mapping
relationship between the nine-switch converter with loads and
the nine-switch-converter-based DFIG-WECS under dq coordinate
system is given. Meanwhile, the adaptive resonant proportional
integral (PI) (AR-PI) current controller based on the resonant
controller, the PI controller, and the adaptive genetic algorithm is
applied for the DFIG wind generation system. As a result, harmonic
current content, overshoot, and dynamic response speed of the
nine-switch-converter-based DFIG-WECS have been significantly
improved. Finally, the simulations and experimental results verify
the validity and reliability of the proposed mathematical model and
control algorithm.

Index Terms—Current harmonics suppression, doubly-fed
induction generator (DFIG), nine-switch converter, switching
function, virtual leg.

I. INTRODUCTION

A S A SOLUTION for supplying two sets of three-phase
loads, nine-switch converter with nine switching devices

and three-phase three-leg [1] has been proposed, as shown in
Fig. 1. Generally, the nine-switch converter can realize the func-
tion of two-level rectifiers and inverters through the multiplexing
of the switching tubes. However, compared with the conven-
tional dual six-switch converters (SSC), the active switches
are reduced by 25%, as well as the associated gating drivers,
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Fig. 1. Topology of the nine-switch converter.

heatsinks, protection circuits, and snubbers can be reduced
from 12 to 9. Thus, the volume of the converter is reduced,
the power density of the converter is increased, and the struc-
ture of the system is simplified [1], [2]. Recently, nine-switch
converter has been considered as a promising converter, which
has been extensively studied and applied in many engineering
applications, such as hybrid electric vehicles (EV) [2], [3], power
conditioners [4], [5], torque control [6], [7], wind energy con-
version systems (WECSs) [8], [9], uninterruptible power supply
(UPS) [10], photovoltaic systems [11], and electrical machines
[12], [13]. In the field of multiphase machine, it has been
demonstrated that the nine-switch converter is an interesting
option for a six-phase machine, especially the same frequency
applied in the two three-phase output sets of the nine-switch
converter [12].

According to the characteristics in different application fields
of the nine-switch converter, various system mathematical mod-
els have been established [14]–[20]. For example, the sys-
tem mathematical model of a nine-switch-converter-based fault
ride-through topology for wind turbine applications is built
by combining the output phase voltages of the nine-switch
converter, the voltages and currents of the filter link, and the
voltages of the grid side, which is used to enable shunt and
series compensation in response to the system dynamics and
grid faults [17]. Both sides’ models are established with two side
source voltages, capacitor voltages, and outputs currents of two
ac terminals in the nine-switch converter to realize both sides’
power flow regulation [18]. Nine-switch converter is equivalent
to grid-side SSC and rotor-side SSC by time-shared strategy in
a doubly fed induction generator (DFIG) wind power system,
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and two independent output voltages are used to establish the
system model with the parameters of the grid side and rotor side
together [19].

From above discussion, the mathematical model of the nine-
switch converter is not delved into the details, but the system
model is established by using the output voltage/current of the
nine-switch converter and other system parameters. In [20],
the switching function model and the equivalent circuit model
of the nine-switch converter have been built in αβ coordinate
system. But the model does not reflect the relationship between
the phase voltages of the nine-switch converter and the binary
logic states of the three legs. From the input side, the nine-switch
converter is not equivalent to two constrained SSCs, and the
equivalent relationship between the nine-switch converter and
the SSC is not clarified. In addition, the model in the αβ
coordinate system is too complex. If the model is converted
into the dq coordinate system, it will be more complex, and
the coupling between the two output terminals is more serious.
That is not conducive to the decoupling adjustment of active and
reactive powers and control system design.

In view of the abovementioned problems, the concept of vir-
tual leg is proposed, and the model of the nine-switch converter
based on the unipolar binary logic switching function of virtual
leg is established. In this model, the nine-switch converter is
equivalent to dual constrained SSCs, and the decoupling of
the upper and lower output terminals is realized. To verify the
validity of the model, this model is applied in the DFIG-WECS.

Generally, in the DFIG wind system, the proportional integral
(PI) controller based on grid voltage vector orientation is adopted
to achieve dc bus voltage stability and adjust the power factor
in the grid-side converter, and stator flux (or voltage)-oriented
vector PI controller is used to realize active and reactive power
regulation in the rotor-side converter [21]–[25]. In order to
obtain good dynamic performance, cross-coupling terms and
feedforward compensation terms related to temperature and
circuit parameters are often introduced into the control system
[21]–[23], which will affect the robustness of the control system.
In addition, in order to compensate for the low-order harmonics,
the PI control system needs complex high-low-pass filtering and
coordinate transformation [24], [25], which will increase the
amount of calculation and make the realization of the system
control algorithm more difficult [26]. Therefore, an adaptive res-
onant PI (AR-PI) current controller is designed for the grid-side
converter and rotor-side converter, respectively. The proposed
controller has good harmonic suppression characteristics, ex-
cellent suppression interference performance, and fast dynamic
response performance. Simultaneously, it can effectively reduce
the filtering part and coordinate transformation of the system.

II. MODELING ANALYSIS OF

NINE-SWITCH-CONVERTER-BASED DFIG-WECS

A. Mathematical Model of the Nine-Switch Converter

The nine-switch converter has three phases and three-legs,
as shown in Fig. 1. Generally, this topology is treated as two
independent converters, namely Con-U and Con-L, by sharing
three middle devices.

Fig. 2. Equivalent relationship between leg A and virtual-leg A.

In order to analyze and control the nine-switch-converter-
based DFIG-WECS effectively, the nine-switch converter needs
to be accurately modeled, and the established model will be
based on the following assumptions.

1) The transistor and its body diode form an ideal switch, and
switching times are zero.

2) The voltage of three-phase grid is balanced and stable,
and the three-phase load in the system is symmetric
completely.

First, the general mathematical model of the nine-switch
converter is established by using the switching function. Each
leg of the converter has three switches, and the gate signal of
the midswitch is generated by the logical XOR of the upper and
lower switches. Each switch has two different switching states
that can be represented by a binary logic switching signal.

Normally, there are eight (23) kinds of switching states for
each leg of the nine-switch converter. Since the output port
cannot be floating, the dc bus cannot be short circuited. There are
only three effective switching states for each leg. In considera-
tion of the combination of the feasible state of three legs, there
are total 27 (33) feasible switching states for the nine-switch
converter. Then, the switching state of each leg was structured

⎧
⎪⎨

⎪⎩

sak = (sA,M − sA,L)k
sbk = (sB,M − sB,L)k
sck = (sC,M − sC,L)k

(1)

where, A, B, and C refer to legs A, B, and C, respectively; M
and L refers to the mid and lower semiconductors, respectively;
and sik (i = a, b, c; k = 0,1,2 …26) refers to the switching state
of each leg.

Essentially, the middevice of the nine-switch converter is
virtualized into two switches by multiplexing structure, and the
nine-switch converter is equivalent to dual constrained SSCs.
The relationship between leg A of the nine-switch converter
and leg A of the two SSCs is shown in Fig. 2. The equivalent
mechanism can be explained as
⎧
⎪⎨

⎪⎩

sA,H = sA1,H = sA1,L

sA,L = sA2,L = sA2,H

sA,M = sA,H ⊕ sA,L = sA1,H ⊕ sA2,L = sA1,L ⊕ sA2,H

(2)
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TABLE I
THREE SWITCHING STATES PER PHASE (FOR LEG A)

where, sAX,Y (X = 1, 2; Y = H, L) refers to the switches in
virtual leg; ⊕ means the operation logic XOR; and s∗ means the
operation logic NOT.

Then, a concept of virtual leg, which is equivalent to the leg of
a conventional SSC, is introduced for more effectively expound
the equivalent mechanism between the nine-switch converter
and the traditional dual SSCs. Hence, the operation mechanism
of the nine-switch converter could be explained clearly

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

SA1 = |sak|
SB1 = |sbk|
SC1 = |sck|
SA2 = (sak + |sak|) /2
SB2 = (sbk + |sbk|) /2
SC2 = (sck + |sck|) /2.

(3)

Considering the nine-switch converter topological constraint
and switching states of per leg, as shown in Table I, the relation-
ship between the pole voltage and virtual leg can be obtained

⎧
⎪⎨

⎪⎩

uAi = VdcSAi

uBi = VdcSBi

uCi = VdcSCi

(i = 1 or 2) (4)

where Vdc and uAi are dc-link voltages and phases Ai (i = 1, 2)
to negative dc bus (n) voltages, respectively.

From Fig. 1, the converter voltages can be expressed in terms
of load-neutral voltages and pole voltage as follows:

⎧
⎪⎨

⎪⎩

uAi = uAi,ni + uni

uBi = uBi,ni + uni

uCi = uCi,ni + uni

(5)

where uni (i = 1, 2) and uji,ni (j = A, B, C; i = 1, 2) are
load-neutral voltages and phases voltages, respectively.

Supposing a balanced three-phase voltage for two ac termi-
nals, then

uAi,ni + uBi,ni + uCi,ni = 0. (6)

From (4)–(6), it can be concluded that

uni = (uAi + uBi + uCi) /3 = Vdc (SAi + SBi + SCi) /3.
(7)

According to (4)–(7), the output voltage of this converter can
be written in terms of the virtual leg

⎧
⎪⎨

⎪⎩

uAi,ni = Vdc (2SAi − SBi − SCi) /3

uBi,ni = Vdc (−SAi + 2SBi − SCi) /3

uCi,ni = Vdc (−SAi − SBi + 2SCi) /3.

(8)

By applying Kirchhoff’s voltage law to Fig. 1, the differential
equation of the nine-switch converter can be obtained as follows:

⎧
⎪⎪⎨

⎪⎪⎩

Li
diAi

dt = −RiiAi − eAi + uAi,ni

Li
diBi

dt = −RiiBi − eBi + uBi,ni

Li
diCi

dt = −RiiCi − eCi + uCi,ni

(9)

where eAi and iAi are the back electromotive force (EMF)
voltages and phase currents of the three-phase loads in the
upper and lower terminals, respectively; and Li and Ri are the
inductances and resistances of the three-phase loads in the upper
and lower terminals, respectively.

Substituting (8) into (9), it is also possible to obtain a
switching function model based on virtual leg for a nine-switch
converter
⎧
⎪⎪⎨

⎪⎪⎩

Li
diAi

dt = −RiiAi − eAi +
1
3Vdc (2SAi − SBi − SCi)

Li
diBi

dt = −RiiBi − eBi +
1
3Vdc (−SAi + 2SBi − SCi)

Li
diCi

dt = −RiiCi − eCi +
1
3Vdc (−SAi − SBi + 2SCi).

(10)
Typically, an alternative way to improve the performance of

the control system is to use the dq transformation. The dq compo-
nents are directly associated with the active (d) and reactive (q)
powers; the decoupling regulation of active and reactive powers
can be achieved by directly regulating the dq module. Hence,
the nine-switch converter mathematical model based on the dq
synchronous reference frame (SRF) are as follows:

{
Li

didi
dt = −Riidi + ωiLiiqi + udi − edi

Li
diqi
dt = −ωiLiidi −Riiqi + uqi − eqi

(11)

where Sdi and Sqi denote the duty cycles, udi = VdcSdi and
uqi = VdcSqi are two output terminal voltage of the nine-
switch converter; ω1,2 denotes the angular frequency of the
synchronous frame and can be different for each feeder; and
[edi, eqi]

T and [idi, iqi]
T are the vectors of back-EMF voltages

and phase currents, respectively.
From (11), it can be found that the mathematical model

of the nine-switch converter based on virtual leg is consistent
with the back-to-back pulsewidth modulation (PWM) converter
[27]. It can be concluded from the mathematical model that
the nine-switch converter can be equivalent to dual constrained
SSCs essentially. With this model, the nine-switch converter can
achieve better modulation and control.

B. Mathematical Model of the Nine-Switch-Converter-Based
DFIG-WECS

The DFIG wind system based on the nine-switch converter is
shown in Fig. 3. The stator of the DFIG is connected to the grid,
and the rotor is connected to the grid through the nine-switch
converter. In the following section, the rotor side and the grid side
of the nine-switch-converter-based DFIG-WECS are analyzed
and simplified, respectively.

1) Mathematical Model of Equivalent Rotor-Side Converter:
In order to get an accurate DFIG system mathematical model, it
is necessary to build the circuit equivalent of DFIG. Under the dq
SRF, rotor variables are referred to the stator side. With the stator
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Fig. 3. Block diagram of the circuit diagram of the DFIG system based on the
nine-switch converter.

voltage aligned to the d-axis of the dq SRF, the voltage equations
of the stator windings and rotor windings are expressed as [21]

{
uds = Rsids +

dψds

dt − ωsψqs

uqs = Rsiqs +
dψqs

dt + ωsψds
(12)

{
u′dr = Rri

′
dr +

dψdr

dt − ωsrψqr

u′qr = Rri
′
qr +

dψqr

dt + ωsrψdr.
(13)

Generally, the superscript ′ means rotor variables referred to
the stator side; us and ur denote the stator and rotor voltages,
respectively; is and ir denote the stator and rotor currents, respec-
tively;ψs andψr denote the stator and rotor flux, respectively; Rs

and Rr are the stator and rotor resistances of DFIG, respectively;
ωs represents synchronous electrical angular frequency; andωsr

represents the slip angular frequency.
The flux linkages of stator and rotor windings under dq SRF

are expressed as [25]
{
ψds = (Lls + Lm) ids + Lmi

′
dr

ψqs = (Lls + Lm) iqs + Lmi
′
qr

(14)

{
ψdr = (Llr + Lm) i′dr + Lmids

ψqr = (Llr + Lm) i′qr + Lmiqs
(15)

where Lls and Llr are the leakage inductances; and Lm is the
mutual inductance between the stator and rotor.

By substituting (12), (14), and (15) into (13) and simplifying,
the relationship between the rotor voltage and the rotor current
can be obtained

{
σLr

di′dr
dt = −Rri′dr + ωsrσLri

′
qr + u′dr − edr

σLr
di′qr
dt = −ωsrσLri′dr −Rri

′
qr + u′qr − eqr

(16)

where{Ls=Lls + Lm
Lr=Llr + Lm

, {edr=Lm(uds −Rsids + ωrψqs)/Ls
eqr=Lm(uqs −Rsiqs − ωrψds)/Ls

,

and σ=1− L2
m/LsLr represents the total magnetic leakage co-

efficient; andωr represents the rotor electrical angular frequency
and equals to ωs−ωsr.

By observing (16), it can be obtained that from the ro-
tor winding perspective and taking the DFIG rotor-side as

Fig. 4. Equivalent circuit diagram of the DFIG as the virtual grid.

Fig. 5. Equivalent circuit diagram of the eGSC.

the virtual grid, er is considered as the virtual grid voltage,
and Rr + jσωsrLr is regarded as the reactor parameters. Its
equivalent circuit is shown in Fig. 4. Hence, the system can
be considered as a standard three-phase PWM rectifier. The
equivalent rotor-side converter (eRSC) emits a controllable
voltage ur. Moreover, by adjusting the amplitude and phase
of ur, the current ir can be controlled. Simultaneously, the
eRSC adjusts the active and reactive powers of the DFIG by
controlling the active and reactive power components of the rotor
current.

By comparing the DFIG mathematical model (16) with the
nine-switch converter mathematical model (11), the following
mapping relationship is obtained:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

L1 = σLr

R1 = Rr

ω1 = ωsr

id1 = i′dr, iq1 = i′qr
ud1 = u′dr, uq1 = u′qr
ed1 = edr, eq1 = eqr.

(17)

2) Mathematical Model of Equivalent Grid-Side Converter:
As shown in Fig. 3, the grid-side branch Con-L of the nine-switch
converter is connected to the grid eg via the grid-connected
inductor Lg and the equivalent resistor Rg, and its equivalent
circuit is shown in Fig. 5. In the case when grid voltage direction
is determined, the grid side can be described by the following
circuit equation:

{
Lg

didg
dt = −Rgidg + ωgLgiqg − edg + ddudc

Lg
diqg
dt = −ωgLgidg −Rgiq g − eqg + dqudc

(18)

where ig is the output currents of ac side; and eg denotes the grid
voltage.

By comparing the mathematical model of this branch (18)
with the nine-switch converter mathematical model (11), the
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Fig. 6. Equivalent converter control block diagram.

mapping relationship is obtained as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

L2 = Lg

R2 = Rg

ω2 = ωg

id2 = idg, iq2 = iqg

ud2 = ddudc, uq2 = dqudc

ed2 = edg, eq2 = eqg.

(19)

Through the analysis and simplification presented in the
previous section, the mathematical model of the nine-switch-
converter-based DFIG-WECS can be unified into the math-
ematical model of (11). Meanwhile, the parameter mapping
relationship between the two systems is given in detail. The
aforementioned parameter mapping is the basis for the design
of the nine-switch-converter-based DFIG-WECS. Through this
model, the design of the system can be simplified effectively.

III. CONTROL AND MODULATION OF

NINE-SWITCH-CONVERTER-BASED DFIG-WECS

In this section, the proposed control strategy is divided into
two parts: 1) The regulation of active power and reactive power
of DFIG is realized by the rotor-side rectifier (Con-U), whose
purpose is to track the given active and reactive power in-
structions; at the same time, the current inner loop realizes
the suppression of stator harmonic current. 2) The stability of
the dc bus voltage and the output three-phase ac power quality
are controlled by the grid-side inverter (Con-L).

The two cascaded control loops, as shown in the blue line
block in Fig. 6, are designed to realize the stator harmonic
current suppression and active and reactive power decoupling
regulation. Similarly, the control structure in the red line block
in Fig. 6 can implement the stability of the dc bus voltage and
the power quality control of three-phase ac.

Fig. 7. Block diagram of current loop based on resonant-PI controllers.

A. Design and Implementation of Current Controller

In the nine-switch-converter-based DFIG-WECS, due to the
dead-time effect of the converter and the effect of nonlinear loads
on grid voltage, the three-phase current of the control system
contains quite high harmonics components.

Among the total harmonic distortion (THD) of the system, the
fifth and seventh harmonic components are the most prominent.
After a Park transformation, these harmonics are equivalent
to the sixth harmonic current [28]. In this article, a resonant
controller with the six times of the working frequency (ω6 =
6 ∗ 2πf) is used in parallel with a traditional PI controller to
suppress the sixth harmonic components on the dq axis. The
block diagram of the current loop based on resonant controllers
with different resonant frequencies in the q frame is shown in
Fig. 7.

In order to prove the correctness of the current loop based on
the resonant controller, Fig. 8 shows the Bode diagram of the
current loop in the simulation environment. From Fig. 8, it can
be seen that when the frequency is 69 rad/s, the phase margin
(PM) is 165° at point A, which is greater than 0°. It can also be
seen that the PM at the resonant frequency is also greater than 0°
at point B. In addition, the current loop based on the resonant-PI
controller in Fig. 7 is a minimum-phase system. Therefore, the
stability of the designed current loop based on the proposed
controller is guaranteed.
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Fig. 8. Bode diagram of the current loop based on resonant-PI controllers.

Fig. 9. Block diagram of current loop based on GA PI controllers.

Moreover, the conventional PI controller is quite difficult
to achieve effective control for a complex nonlinear system
and cannot simultaneously facilitate perfect tracking and dis-
turbance rejection. Recently, the genetic algorithm (GA), which
is a stochastic search method based on Darwinian survival-
of-the-fittest theorem, has been applied to many engineering
fields. By combining the GA and the PI control law, a GA–PI
controller has been successfully developed, which is shown in
Fig. 9.

GA is an artificial optimization algorithm that simulates
natural evolution. It has been considered as function optimiz-
ers for solving complex nonlinear optimization problems [29].
The main procedures of GA are initial population, individ-
ual evaluation, selection and reproduction, crossover, and mu-
tation, whereas the genetic operators, such as selection and
crossover, are used to select the best individuals and update
the population. The mutation operators are used for facilitating
the exploration of the global search space to avoid premature
convergence.

The flowchart of the parameter tuning process of resonant-PI
controller based on a GA is shown in Fig. 10. The working
principles of GA are described as follows.

Step 1: Create an initial population and encode in binary. The
parameters KP , KI , and Kr of the resonant-PI controller are
encoded as binary strings generally called chromosomes.

Step 2: Evaluate the fitness value of each chromosome. Simul-
taneously, select the fittest individuals of the population. The

parent selection strategy is to use proportional roulette wheel
selection.

Step 3: Using the dominants selected above, the crossover
and mutation operators are applied to operate the population to
produce the next generation population. In our case, a single
point crossover is used, and the crossover probability is Pc =
0.9; the mutation probability uses the adaptive probabilityPm =
0.01− [1 : 1 : size]× (0.01)/size to perform individual genetic
variation. The parameters used to initialize the GA algorithm
parameters are defined in Table II.

Step 4: Go to step 2 until the parameters converge or reach a
predetermined target.

In the normal way, the fitness value is a number that indi-
cates the goodness of each chromosome and is evaluated by an
objective function. Various objective functions have been used
in [29], and in this study, the objective function is defined as
follows:

J = α ∗ overshoot + β ∗ ISE (20)

where ISE =
∫∞
0 e2(t)dt means integral of squared error, and

overshoot = max(iq)−i∗q , we choose α = β = 0.5 for no
preference between the two objectives.

In order to obtain the optimal parameter combination of the
resonant-PI controller, the controller parameters are repeatedly
evaluated by the GA in the offline state. The obtained sets of
optimal parameter combinations are shown in Table III. These
parameters can be used when the system is running online.

On the basis of the analysis of above, combining the resonant
controller, PI controller, and adaptive GA, an AR-PI current
controller is proposed, and its overview diagram is depicted
in Fig. 10. The proposed AR-PI current controller obtains the
optimal parameters of the controller, which could reduce the
harmonic content and the overshoot effectively.

In order to test the current dynamic performance and inter-
ference suppression capabilities of the proposed controller, the
system runs in a current loop. The reference current i∗q is set to
a step change signal of 0 to 1 A, and noise interference with
a range between −0.3 and 0.3 A is added at 2.5 s. Fig. 11
shows the comparison results between the PI controller, the
resonant-PI controller, and the AR-PI controller. It can be seen
that the settling time of the AR-PI controller is smaller than the
others. When the system is disturbed, the current fluctuations
of the AR-PI controller are obviously less than the resonant-PI
controller and are far less than the PI controller.

B. eRSC Control Strategy

Rotor-side control consists of two cascaded control loops; the
outer loop is used to adjust active and reactive powers, and the
inner loop is used to regulate the rotor current with AR-PI.

In the case of the stator, voltage (also the grid voltage) is
aligned with the d-axis of the dq SFR, and the active power and
reactive power [21] outputs of the stator side are

⎧
⎨

⎩

Ps =
3
2udsids = − 3

2
udsLm

Ls
i′dr

Qs = − 3
2udsiqs =

3
2

(
u2
ds

ω1Ls
+ udsLm

Ls
i′qr

)
.

(21)
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Fig. 10. Detailed block diagram of the current loop based on the AR-PI controller.

TABLE II
GA PARAMETERS

TABLE III
OPTIMUM SET OF RESONANT-PI CONTROLLER PARAMETERS

Fig. 11. Comparison results of current dynamic performances between differ-
ent current controllers.

Moreover, rotor current i′dr, i′qr can be calculated from the
active power and reactive power of stator side as [21]

{
i′dr = 2PsLs

3udsLm

i′qr = − 2QsLs

3udsLm
− uds

ωsLm
.

(22)

According to (17), (21), and (22), the current inner loop
and power outer loop control block diagram of the rotor-side
equivalent converter is shown in Fig. 6.

Fig. 12. PWM modulation strategy of the nine-switch converter (for leg A).

C. Equivalent Grid-Side Converter Control Strategy

The same as the rotor side, the grid side is also divided into
two cascaded control loops, and they are the dc voltage control
inner loop and grid current control outer loop in Fig. 6.

D. Modulation Algorithm Based on Third Harmonic Injection

In the linear modulation area of conventional sinusoidal
pulsewidth modulation (SPWM), in order to enhance the uti-
lization of the dc bus voltage, the principle of third-harmonic
injection could be implemented. The typical SVPWM is a result
of regular sampling after adding zero-sequence components to
the phase-modulated wave of SPWM. Under the same circum-
stance, the SPWM modulation of the third harmonic injection
has the same performance as the SVPWM, but it is easier to
implement. Therefore, it is recognized as a technique that is more
effortless than its counterparts. When the amplitude of the third
harmonic injection is one-sixth of the reference fundamental,
the voltage amplitude of the fundamental wave is increased
by 15.48% compared with the conventional SPWM modulation
algorithm [30]. Therefore, its third harmonic expression can be
define as

u3h = −uref
6

sin3θ (23)

where the expression urefi =
√
u∗2
di+u

∗2
qi as the third harmonic

amplitude.
In order to avoid the crossover between upper and lower refer-

ence signals per phase, as shown in Fig. 12, it is necessary to add
a suitable dc offset value to meet the limitations imposed by its



WANG et al.: MODELING OF NINE-SWITCH-CONVERTER BASED ON VIRTUAL LEG 7681

TABLE IV
PARAMETERS OF THE 4-KW DFIG SYSTEM

own multiplexing structure, and the suitable dc components are
uoffset,H = 1−MH

√
3
2 and uoffset,L = 1−ML

√
3
2 Therefore,

its duty cycle expression of upper and lower can defined as
⎧
⎪⎪⎨

⎪⎪⎩

d∗A1 = u∗A1 +
uref,H

6 sin3θ + uoffset,H

d∗B1 = u∗B1 +
uref,H

6 sin3θ + uoffset,H

d∗C1 = u∗C1 +
uref,H

6 sin3θ + uoffset,H

(24)

⎧
⎪⎪⎨

⎪⎪⎩

d∗A2 = u∗A2 +
uref,L

6 sin3θ − uoffset,L

d∗B2 = u∗B2 +
uref,L

6 sin3θ − uoffset,L

d∗C2 = u∗C2 +
uref,L

6 sin3θ − uoffset,L

(25)

where u∗1 and u∗2 are fundamental sinusoidal modulation waves
of upper and lower terminals, respectively; and MH and ML are
modulation indices of upper and lower terminals, respectively.

Fig. 12 shows the modulation waveform of three switches in
one leg of the nine-switch converter, and the modulating wave is
compared with the triangular carrier wave. When the modulation
wave at the upper terminal is greater than the carrier wave, the
upper switch drive signal is “1”; otherwise it is “0.” On the
contrary, when the modulation wave at the lower terminal is
greater than the carrier wave, the lower switch drive signal is
“0”; otherwise, it is “1.” Mid switch drive signal is generated by
the logical XOR of the upper and lower switches. Subsequently,
the right side of Fig. 12 shows the available gating signals for
the leg A of the nine-switch converter.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the theoretical analysis mentioned above
and the correctness of the proposed control strategy, a DFIG
with a rated power of 4 kW is taken as an example for simula-
tion and experiment. In this section, the simulation results and
experimental results of the nine-switch-converter-based DFIG-
WECS are given. The system parameters in simulations and
experiments are given in Table IV.

A. Simulation Results

Under the third harmonic injection modulation scheme
described in Section III-D, the simulations for the
nine-switch-converter-based DFIG-WECS are operating
by MATLAB/Simulink. The simulation waveforms of the
nine-switch-converter-based DFIG-WECS by using the

Fig. 13. Simulation waveforms of the PWM voltages in steady state. (a) Output
PWM voltage of eRSC and eGSC. (b) Zoom-in view within a dotted line.

proposed AR-PI current controller are shown in Figs. 13–16. For
comparison, the simulation of the nine-switch-converter-based
DFIG-WECS based on the traditional PI current controller is
also established under the same parameters.

The voltage amplitude at the grid side was selected to be 311 V.
Inner rotor current references can be calculated from (21), and
they are 8.35 A and −7.089 A, respectively.

Fig. 13 shows the PWM voltage waveforms of the eRSC
and equivalent grid-side converter (eGSC) outputs under the
stability of the nine-switch-converter based DFIG-WECS. The
PWM voltage in Fig. 13(a) shows that the eRSC and eGSC have
been correctly modulated and the fundamental frequency of the
PWM voltage is different. The local magnification in Fig. 13(b)
indicates that the two sets of PWM voltages of the nine-switch
converter do not overlap during one switching cycle under
the unique modulation method of the nine-switch converter.
Moreover, it is clearly shown that the switching period Ts

of uAB1 and uAB2 remains constant, which is about 133.3 μs.
In the simulation, the DFIG works at supersynchronous speed,

and the slip angular frequency sω is −0.3. The grid-connection
mode of DFIG is no-load cutting-in. At the moment of 0.28 s,
the active power instruction is suddenly reduced to 0.5 times of
the original, and the reactive power remains unchanged.

Fig. 14 shows the waveforms of the stator and rotor currents,
the active and reactive powers of the stator, and the dc bus
voltage. By comparing Fig. 14(a) with 14(b), it can be obviously
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Fig. 14. Comparison results between different current controllers. (a) and (b) Active power and the reactive power. (c) and (d) DC bus voltage. (e) and (f) Stator
three-phase current waveform. (g) and (h) Rotor three-phase current waveform.

seen that the proposed AR-PI controller can track active power
quickly. By comparing Fig. 14(c) with 14(d), when the AR-PI
controller is utilized, it can be seen that the dc bus voltage is con-
trollable, and the dc bus voltage immediately recovers after the
Vdc fluctuation occurs. Moreover, by comparing Fig. 14(e) and
(g) with Fig. 14(f) and (h), respectively, it can be concluded that
the proposed AR-PI controller can avoid the current overshoot
and provide superior dynamic performance of current loop for

the whole system. Thus, the effectiveness of the proposed AR-PI
controller is confirmed.

Fig. 14(e) shows the stator currents isa, isb, and isc when
a conventional PI controller is utilized, and as a comparison,
Fig. 14(f) shows the stator currents when the proposed controller
is utilized in the same simulation environment. Simultaneously,
in order to verify the good harmonic suppression characteristics
of the proposed controller, the fast Fourier transform (FFT)
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Fig. 15. Spectrum of stator current (a) with AR-PI controller and (b) with traditional PI controller.

Fig. 16. Grid voltage and its spectrum analysis (a) and (c) with AR-PI controller, and (b) and (d) with traditional PI controller.

analysis module in SIMULINK is used to analyze the THD of
the rotor current isa. The analysis results are shown in Fig. 15.

After the FFT spectrum analysis, the current spectrum di-
agram of stator current isa can be obtained and is shown in
Fig. 15. By analyzing Fig. 15(a), it can be clearly seen that the
harmonic amplitude of stator current isa is large at the fifth and
seventh frequency orders. Comparing Fig. 15(b) with Fig. 15(a),
it can be concluded that the current harmonic performance
is effectively improved after using the AR-PI controller. And
the THD is decreased from 2.86% to 1.38%, approximately
51.7%. In addition, the fifth and seventh harmonic components,
which have a great influence on the harmonic content of stator
current, are effectively suppressed. Among them, the fifth-order
harmonic content is decreased by 56.3% from 2.45% to 1.07%,
and the seventh-order harmonic content is decreased by 43.8%
from 1.3% to 0.73%. Therefore, the harmonic suppression char-
acteristic of the controller is verified effectively.

Fig. 16 shows the simulation results of the grid voltage,
and its FFT spectrum is analyzed under different controllers,
respectively. By comparing Fig. 16(a) and (c) with Fig. 16(b)
and (d), respectively, it can be clearly seen that the proposed

current controller has better performance of the grid voltage
harmonic than that of traditional PI controller. At the same
time, according to IEEE 519 standard, the grid voltage harmonic
performance meets the requirement that the THD injected by
distributed generation units into a distribution network.

Simulation results have demonstrated the excellent perfor-
mance of the proposed controller, such as an excellent current
response, reduced the harmonic content of the DFIG, and low
harmonic content of grid voltage.

B. Experimental Verification

To further demonstrate the theoretical analysis and the pro-
posed control methods, a nine-switch-converter-based DFIG
experimental system is developed. Experimental implemen-
tation of the proposed system has been achieved using a
TMS320F2812 digital signal processor R&D board, a nine-
switch converter, and a scaled DFIG with 4-kW rating power, as
per the system parameters presented in Table IV. The schematic
diagram of the experimental system is shown in Fig. 17. In the
experimental system, the prime mover is an induction motor
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Fig. 17. Schematic diagram of the experiment system.

Fig. 18. Experimental platform.

Fig. 19. Experimental PWM voltages in steady state.

that plays the role of a wind turbine emulator. A three-phase pro-
grammable ac voltage source was used to simulate the harmonic
distorted power grid. It is worth noting that the sampling frequen-
cies are chosen equal to 7.5 kHz, and the insulated gate bipolar
translator (IGBT) switching frequencies are set at 7.5 kHz. The
photograph of the experimental platform is shown in Fig. 18.

Fig. 19 shows the PWM voltage experimental waveforms
of the eRSC and eGSC outputs under the stable state of the
nine-switch-converter-based DFIG-WECS. The PWM voltage

outputs in Fig. 19 show that the test prototype can operate
correctly. To get a dynamic performance of the system, the active
power of the system was changed from 4.0 to 2.0 kW. And the
active power and reactive power of the system are shown in
Fig. 20. It can be seen that the active/reactive power fluctuation
of the DFIG stator is significantly suppressed. Tracking time
of the proposed AR-PI controller is much shorter than that of
the conventional PI controller. Moreover, the overshoot of the
proposed AR-PI controller is much smaller than that of the
conventional PI controller. It demonstrates that the proposed
controller has better dynamic performance than that of the
conventional PI controller.

Fig. 21(a) and (b) shows experimental waveforms of stator and
rotor currents in two different experimental environments, re-
spectively. It can be seen from Fig. 21(a) that when DFIG active
power is changed, some irregularity and harmonic distortion of
stator and rotor currents are reduced under the proposed control
strategy. In addition, stator currents and rotor currents have better
overshoot performance at the time of power mutation. Fig. 22(a)
and (b) shows the harmonic characteristics of the stator current
before the power changes. Correspondingly, Fig. 22(c) and (d)
shows the harmonic characteristics of the stator current after the
power changes. As can be seen, once the AR-PI controller is
enabled, the fifth and seventh harmonic components of stator
current can be effectively suppressed. Through the harmonic
analysis by the power analyzer, the value changes of the fifth
harmonics, fifth harmonics, and THD are shown in Table V.
Therefore, it can be proved that the proposed AR-PI controller
could work effectively under the grid voltage distortion. The si-
nusoidal DFIG stator current can be realized due to the excellent
harmonic suppression capability of the controller.

Fig. 23(a) and (b) shows experimental waveforms of the grid
voltage and dc bus voltage in two different experimental envi-
ronments, respectively. With the AR-PI controller in Fig. 23(a),
it can be seen clearly that the ripple of dc bus voltage is reduced
relative to the scenario using the traditional PI controller. The
harmonic content of grid voltage is also obviously reduced. As
is shown in Fig. 24, through the harmonic analysis of the grid
voltage by the power analyzer, it can be seen that once the AR-PI
controller is enabled, the THD of the grid voltage can be effec-
tively decreased from 4.04% to 2.93%, approximately 34.1%.
Among them, the fifth-order harmonic content is decreased by
30.0% from 2.76% to 1.96%, and the seventh-order harmonic
content is decreased by 46.83% from 2.52% to 1.34%.

All the experimental results can corroborate the feasibility of
the proposed mathematical model of the nine-switch converter
based on the virtual leg and the superiority of the system control
strategy. Comparing to the systems in [2], [13], and [19], the
performance evaluation is shown in Table VI.

However, there are other reasons for the increase in the THD
in the three-phase current of the system. For example, due to
the structure of the nine-switch converter itself, the eGSC and
eRSC in Fig. 3 are interdependent. Therefore, the circulating
current will flow in the system. The circulating current is also
responsible for the increase in the THD of the three-phase current
[31]. According to the state of the switch, the circulating current
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Fig. 20. Experimental waveform of active power and the reactive power (a) with AR-PI controller and (b) with traditional PI controller.

Fig. 21. Experimental two-phase current waveform of stator and rotor (a) with AR-PI controller and (b) with traditional PI controller.

Fig. 22. Experimental stator current spectrum (a) and (c) with AR-PI controller, and (b) and (d) with traditional PI controller.
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Fig. 23. Experimental results of dc bus voltage and grid voltage (a) with AR-PI controller and (b) with traditional PI controller.

Fig. 24. Experimental grid voltage spectrum (a) with AR-PI controller and (b) with traditional PI controller.

TABLE V
COMPARISON OF STATOR CURRENT EXPERIMENTAL RESULTS

TABLE VI
COMPARISON OF PERFORMANCE EVALUATIONS

EV: Electric Vehicle

can be divided into two types. One case is the zero-sequence
circulating current shown in Fig. 25(a), and the other case is the
cross current shown in Fig. 25(b). In addition, the circulating
current may also cause switching losses of the nine-switch
converter and large thermal and mechanical oscillations occur
around the synchronous speed of the system [31].

In the following work, the influences of circulating current in
the system and the strategies to suppress circulating current will
be considered and become the focus of the next study.

Fig. 25. Circulating current paths. (a) Zero-sequence circulating current path.
(b) Cross current paths.
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V. CONCLUSION

This article presents the architecture of a DFIG wind system
based on a nine-switch converter. First, a switching function
model of nine-switch converter based on the virtual leg is estab-
lished; this model can realize independent decoupling control
of the upper and lower terminals. Then, in order to suppress
the harmonics of stator current and grid voltage, a new current
controller named AR-PI current controller is proposed. Finally,
simulation results show the superior control performance of
the system, and the experimental results of the prototype also
verify the abovementioned analysis results. There are three main
contributions in this article.

1) The concept of virtual leg is proposed, and a mathematical
model of a nine-switch converter based on unipolar binary
logic switching function of virtual leg is established.

2) Through the analysis and simplification, the model of the
nine-switch-converter-based DFIG-WECS was mapped
into the mathematical model of the nine-switch converter
to simplify the control process and improve control per-
formance.

3) A control method based on the AR-PI controller is pro-
posed to suppress the harmonic component of stator
current and can improve the power quality of the grid.
In addition, the controller has fast dynamic response
performance.
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