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Abstract: The dual power flow wind energy conversion system (DPF-WECS) is a novel system which
is based on the electrical variable transmission (EVT) machine. The proposed sensorless control for
the DPF-WECS is based on the model reference adaptive system (MRAS) observer by combining
the sliding mode (SM) theory. The SM-MRAS observer is on account of the calculations without
the requirement of the proportional-integral (PI) loop which exists in the classical MRAS observer.
Firstly, the sensorless algorithm is applied in the maximum power point tracking (MPPT) control
considering the torque loss for the outer rotor of the EVT. Secondly, the sensorless control is adopted
for the inner rotor control of the EVT machine. The proposed sensorless control method based on the
SM-MRAS for the DPF-WECS is verified by the simulation and experimental results.

Keywords: dual power flow (DPF); electrical variable transmission (EVT); wind energy conversion
system (WECS); sensorless; sliding mode (SM); model reference adaptive system (MRAS); maximum
power point tracking (MPPT)

1. Introduction

Wind energy is nearly the most mature and promising renewable energy source at present. Many
kinds of wind energy conversion systems (WECSs) are researched, which can be roughly divided into
constant speed WECSs and variable speed WECSs [1–3]. Nowadays, the variable speed WECSs are the
mainstream due to the high utilization ratio of the wind energy, and there are two popular variable
speed WECSs, namely the doubly-fed induction generator (DFIG)-based WECS with a multi-level
gearbox, and the direct-drive WECS based on the permanent magnet synchronous generator (PMSG).
However, both the two WECSs are connected to the grid through converters which will bring serious
harmonic pollution to the grid.

Hence, a dual power flow system (DPF-WECS), as shown in Figure 1, has been proposed in recent
years [4,5]. The DPF-WECS is composed of a wind turbine (WT), an electrical variable transmission
(EVT) machine, a back-to-back inverter and a synchronous generator (SG). The energy storage system
(ESS) can be configured and applied to adjust the power flow as shown in Figure 1. It needs to be
mentioned that the DPF-WECS can operate successfully without the ESS, while the output power
can not be adjusted flexibly at this time, just like other WECSs. The EVT consists of an electrical port
(stator #1) and two mechanical ports (permanent magnet outer rotor #2 and wound inner rotor #3). The
EVT is similar to a variable gearbox which is in charge of connecting the WT and the SG [5]. The outer
rotor of the EVT can accept any input speed in the rated speed range and the inner rotor can output a
constant speed. Thus, a traditional SG can be used to produce electrical power with the fixed voltage
and fixed frequency to the grid by connecting with the inner rotor. Hence, since no converters are
connected to the grid directly, DPF-WECS offers the grid clean power without the harmonic pollution.
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Additionally, the DPF-WECS based on the EVT operates with higher reliability and lower maintenance
cost than WECSs based on traditional multi-level mechanical gearboxes.

Figure 1. Configuration of the DPF-WECS based on the EVT.

The inner rotor speed of the EVT machine must remain unchanged so that the SG can generate
electricity that meets the grid requirements. Thus, the inner rotor speed and position should be
measured accurately to attain precise control. However, the inner rotor position, especially the initial
position, is quite difficult to measure by traditional sensors due to both of the rotors of the EVT machine
are being rotational. Thus, sensorless control seems a good choice for the EVT machine, especially for
its inner rotor. The traditional model reference adaptive systems (MRAS)-based sensorless strategy is
already applied to the inner rotor control for the EVT machine [5], but the sensorless control for the
outer rotor is not referred to in the existing literatures.

At present, many strategies have been proposed for the rotor speed and position estimation in the
PMSG drives, such as methods based on the back electromagnetic force (EMF), extended Kalman filter
(EKF) methods, reduced observer methods, adaptive approaches, signal injection methods when in
a low speed range, and so on [6–9]. Among these techniques, the observer based on the MRAS is a
very common choice to realize the sensorless control because of its simplicity and few calculations [10].
The traditional MRAS observers generate the estimated speed through a fixed-gain PI controller
since PI controllers have a simple structure and can achieve good performance in a wide range of
operation. However, the gain parameters of the PI are difficult to choose. Additionally, the fixed-gain
PI regulator is hardly able to provide the continuous good performance due to the varying operating
conditions [11,12]. Therefore, the MRAS observer combining of the sliding mode (SM) technique is
proposed to replace the traditional PI regulator to estimate the speed and position of the EVT machine
for the DPF-WECS in this paper. Then, the performance of the proposed sensorless control for the
DPF-WECS is validated by the simulation and experimental results, which is both applied in the outer
rotor and inner rotor of the EVT.

Maximum power point tracking (MPPT) control is indispensable for the WECSs. Many types of
MPPT methods are proposed in previous papers, such as the optimum tip speed ratio (TSR) method,
the power feedback (PF) method, the hill climb searching (HCS) method, and so on [13–19]. The PF
is the most popular MPPT strategy and is relying on the generator speed and the wind turbine
characteristics, where the wind speed is not needed. However, for obtaining the accurate maximum
power, the system power losses can not be ignored. Therefore, based on the theory of traditional PF
method, an optimum current given the MPPT method and considering torque loss is proposed for
the DPF-WECS in this paper. Then the proposed SM-MRAS-based sensorless algorithm is applied to
obtain the outer rotor speed and position for realizing the MPPT control strategy.

The structure of the paper is as follows: Section 2 presents the model of the new EVT-based
DPF-WECS. Section 3 introduces the sensorless control strategies for the DPF-WECS. Section 4
shows the simulation results of the system while adopting the proposed control method. Section 5
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demonstrates the experimental results and analyzes the effectiveness of the proposed control strategies.
Conclusions are given in Section 6.

2. Model of the DPF-WECS

2.1. Power Flow of the DPF-WECS

The EVT machine is regarded as the combination of two permanent magnet synchronous machines
(PMSMs), the outer machine consists of the stator and the outer rotor and the inner machine consists of
the inner rotor and the outer rotor. The input power can be separated into electric power Pes (the red
line in Figure 1) and mechanical power Pd (blue line in Figure 1). The power flow of the DPF-WECS
considering the system losses is shown in Figure 2. The mechanical power Pd is delivered from the
outer rotor to the inner rotor through electromagnetic coupling with high efficiency. The mechanical
loss of this power transmission is described as Pdloss. The outer machine produces electrical power
loss described as Peloss1, including copper loss and iron loss. The electrical power Pes by deducting
the losses is delivered by the stator windings. The loss produced by the converter connected with the
stator is described as Pcloss1.

Installation of the energy storage system (ESS) can make the output power from the DPF-WECS to
the grid adjustable. When the generated power equals the power demand of the grid, no power flows
through the ESS. When the EVT machine supplies more power than the grid needs, the redundant
power Pess will be absorbed in the ESS and the loss of the ESS is expressed as Pessloss. The power flow
in this operation status is shown in Figure 2a. On the contrary, if the power generated by the EVT
machine is less than the grid needs, the insufficient power Pess will be supplied by the ESS and the
power flow is shown in Figure 2b.

The electrical power Pei is delivered to the inner rotor windings through the inner rotor side
inverter from the DC bus. Then the converter loss Pcloss2 and the sum of copper loss and iron loss of
the inner rotor windings Peloss2 are generated. Finally, the inner rotor output power Pm2 is composed
of the mechanical power and the electrical power after deducting the losses.

Figure 2. Power flow of the DPF-WECS.

2.2. Mathematical Model of the EVT

Voltage equations of the EVT machine are given as follows in dq-axes rotating frame:{
uds = idsRs +

dψds
dt − ωoψqs

uqs = iqsRs +
dψqs

dt + ωoψds
(1)

{
udr = idrRr +

dψdr
dt − (ωo − ωi)ψqr

uqr = iqrRr +
dψqr

dt + (ωo − ωi)ψdr
(2)

where Rs and Rr are the resistance of stator windings and inner rotor windings, respectively. ωo is
the outer rotor speed, and ωi is the inner rotor speed. ids, iqs, idr, iqr are the stator currents and inner
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rotor currents in the dq-axes, while ψds, ψqs, ψdr, ψqr are the flux linkages, and the equations are given
as follows: {

ψds = ψ f o + Lsids
ψqs = Lsiqs

(3)

{
ψdr = ψ f i + Lridr
ψqr = Lriqr

(4)

where Ls and Lr are the self-inductance of stator windings and inner rotor windings, respectively. ψfo
and ψfi are the flux-linkage produced by outer and inner layers of magnets, respectively. Other detailed
equations of the mathematical model of the EVT machine can be seen in [4].

2.3. Model of the Wind Turbine

The mechanical power generated by a WT is:

Pw = ρπR2Cp(λ, β)v3/2 (5)

where ρ is the air density, R is the turbine blade radius, v is the wind speed, and Cp is the power
coefficient, which is a function of the TSR λ and the blade pitch angle β. λ is defined as:

λ = ωoR/v (6)

The output torque of the wind turbine is:

T = ρπR3Cp(λ, β)v2/2λ (7)

The relationship of the Cp and λ is shown in Figure 3 by assuming that β is zero. According to
Equation (6), the generator speed can be adjusted to keep λ at the optimum value to maximize the
power coefficient as Cpmax.

Figure 3. Curve of the tip speed ratio λ.

Representing the rotor speed with the wind speed according to Equation (6) and substituting it
into Equation (5), the maximum output power of the WT is:

Pwopt = ρπR5Cpmaxω3
opt/2λ3

opt = koptω
3
opt (8)

Then dividing the maximum power Pwopt by the optimum generator speed ωopt, the optimum
torque can be obtained as:

Topt = ρπR5Cpmaxω2
opt/2λ3

opt = koptω
2
opt (9)

where kopt is the coefficient associated with the wind turbine characteristics.
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3. Sensorless Control for the DPF-WECS

3.1. SM-MRAS-Based Sensorless Control Strategy

The mathematical model of the outer machine is considered first for the analysis of the
SM-MRAS-based sensorless control. Equation (1) is rewritten as:

dψds
dt = − Rsψds

Ls
+ ωoψqs +

Rsψ f o
Ls

+ uds
dψqs

dt = − Rsψqs
Ls

− ωoψds + uqs

(10)

Equation (10) is then rewritten into matrix form as follows:

d
dt

(
ψds
ψqs

)
=

(
− Rs

Ls
ωo

−ωe − Rs
Ls

)(
ψds
ψqs

)
+

(
uds +

Rsψ f o
Ls

uqs

)
(11)

Then the adaptive model of the MRAS observer is derived by replacing the actual value with the
estimated value in Equation (11) as:

d
dt

(
ψ̂ds
ψ̂qs

)
=

(
− Rs

Ls
ω̂o

−ω̂e − Rs
Ls

)(
ψ̂ds
ψ̂qs

)
+

(
uds +

Rsψ f o
Ls

uqs

)
(12)

where ˆ means the estimated value.
Due to the fast dynamic responses of the system and the robustness under the condition of the

parametric uncertainties and disturbance, the sliding mode (SM) is a very effective nonlinear control
method. A switching control law is defined based on the Lyapunov theory, which can drive the
nonlinear state trajectory onto the switching surface, and then keep the trajectory sliding on this
surface at all following times. In this paper, the SM strategy is adopted in the MRAS scheme instead of
the conventional constant-gain PI regulator for the MPPT control of the outer machine. The manifold s
of the SM based on the flux model is built as:

s = ψdsψ̂qs − ψ̂dsψqs (13)

Then the derivative of the s is described as:

.
s =

.
ψdsψ̂qs + ψds

.
ψ̂qs −

.
ψ̂dsψqs − ψ̂ds

.
ψqs (14)

Substituting Equations (11) and (12) into Equation (14),
.
s can be derived as:

.
s = ωo(ψdsψ̂ds + ψqsψ̂qs) +

2Rs
Ls

(ψqsψ̂ds − ψdsψ̂qs) + uqs(ψds − ψ̂ds)

+(uds +
Rsψ f o

Ls
)(ψ̂qs − ψqs)− ω̂o(ψdsψ̂ds + ψqsψ̂qs)

(15)

The estimated outer rotor speed of the EVT based on the constant switching SM can be
expressed as:

ω̂o = Msign(s) (16)

where M is a positive constant, and sign() is the sign function.
By replacing the estimated speed from Equation (16) in Equation (15), it can be obtained that:

.
s = f (ωo, ψds, ψ̂ds, ψqs, ψ̂qs, Rs, Ls, uds, uqs)− M(ψdsψ̂ds + ψqsψ̂qs)sign(s) (17)

where f is a function of the speed, estimated and reference fluxes and machine parameters.
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Since the term ψdsψ̂ds + ψqsψ̂qs is positive when the machine is started and f has a positive upper
estimate, it can be seen from Equation (17) that there exists a high enough M that can be chosen to
fulfill the following expression:

s
.
s < 0 (18)

After that, the SM is enforced in manifold s = 0.
The method based on the boundary-layer is adopted to seek out the equivalent speed ωo_eq. When

the SM happens, it can be assumed that
.
s = 0 along with s = 0. Then the equivalent speed is derived as:

ωo_eq = ωo +
f (ωo, ψds, ψ̂ds, ψqs, ψ̂qs, Rs, Ls, uds, uqs)

ψdsψ̂ds + ψqsψ̂qs
(19)

When the estimated fluxes and the actual fluxes are equal, the second term of Equation (19)
tends to zero and the equivalent speed ωo_eq heads for the real speed. Since the equivalent speed
shown in Equation (19) represents the low frequency part of the discontinuous term in Equation (16),
the estimated speed can be obtained by separating the low frequency component via using a low pass
filter. The structure of the flux model based SM-MRAS is shown in Figure 4.

Figure 4. Configuration of the SM-MRAS based on the flux model.

The id = 0 control method is frequently applied in the vector control of PMSMs because of its
simplicity and effectiveness. Then the manifold s shown in Equation (13) can be simplified when
id = 0 as:

s = ψ f o(ψ̂qs − ψqs) (20)

By merging the constant ψfo into the positive value M, the estimated speed is expressed as:

ω̂o = Msign(ψ̂qs − ψqs) (21)

For decreasing the undesirable chattering of the SM schemes, the switching function of the
estimated speed is improved and described as:

ω̂o =

{
Msign(ψ̂qs − ψqs),

∣∣ψ̂qs − ψqs
∣∣ > ε

M(ψ̂qs − ψqs)/ε,
∣∣ψ̂qs − ψqs

∣∣ ≤ ε
(22)

where ε is a small positive constant. The estimated position is obtained by integrating the
estimated speed.

3.2. MPPT Control for the DPF-WECS Considering Torque Loss

As previously stated, the stator and the outer rotor of the EVT can be combined and regarded as a
PMSM, called the outer machine. The torque of the outer rotor Tm1 includes two parts: the torque Tom

produced by the outer magnets and the stator windings, which is also the equivalent torque of the
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outer machine, the torque Tim generated by the inner magnets, and the inner rotor windings, which is
also called Tm2.

The power of the outer machine in steady state can be obtained based on Equations (1) and (3) as:

P = udsids + uqsiqs = Rs(i2ds + i2qs) + ωoψ f oiqs (23)

The first item of Equation (23) is the copper loss; thus, the electromagnetic torque of the outer
machine is obtained by getting rid of the copper loss as:

Tom = [P − Rs(i2ds + i2qs)]/ωo = np[P − Rs(i2ds + i2qs)]/ωo = npψ f oiqs (24)

where np is the outer machine pole pairs.
To realize the MPPT, the outer rotor torque Tm1 should be equal to the maximum torque Tmax.

As stated before, the outer rotor torque equation relationship is:

Tm1 = Tom + Tim = Tom + Tm2 (25)

Then the optimum torque of the outer machine Tom_opt can be given as:

Tom_opt = Topt − Tm2 = koptω
2
o − Tm2 (26)

The iron loss, copper loss, stray loss, and mechanical loss cannot be ignored, nor can the torque
loss when the outer machine is in operation. The copper loss has been considered in the electromagnetic
torque equation as shown in Equation (24). Then the torque loss expressed as Tloss only includes the
iron loss, stray loss, and mechanical loss.

After adding the iron torque loss, the stray torque loss, and the mechanical torque loss, the total
torque loss Tloss is:

Tloss = C1 + C3 + C2ω = C + C2ω (27)

where constant C is combined with C1 and C3.
Then the actual optimum outer machine torque Tom_opt can be obtained:

Tom_opt = koptω
2
o − Tm2 − Tloss = koptω

2
o − C2ωo − C − Tm2 (28)

The inner rotor speed is a constant which is equal to the synchronous speed of the SG. Then
the inner rotor torque Tm2 can be calculated based only on the output power of the EVT machine.
Considering that Tm2 is known, it can be seen from Equation (28) that Tom_opt is only influenced by
the optimum outer rotor speed when C and C2 is known. The permanent magnet flux ψfo of the outer
machine can be seen as a constant, then Tom is only decided by the stator q-axis current iqs as seen in
Equation (24). Therefore, the system can achieve the MPPT by obtaining the optimum torque Tom_opt

which is directly related to an optimum current iqs_opt. The optimum current iqs_opt can be expressed as:

iqs_opt =
koptω

2
o − C2ωo − C − Tm2

npψ f o
(29)

The outer machine torque loss Tloss is crucial to the MPPT’s accuracy. The constants C and C2

in Equation (29), which are the key factors to calculate the loss torque can be obtained through the
algorithm described in detail in [19]. After that, the optimum current can be calculated according to
the outer rotor speed ωo and inner rotor torque Tm2. Then the MPPT control of the outer machine,
considering the torque loss, is realized by giving the optimum current.

The outer rotor speed and position of the EVT machine is needed to realize the aforementioned
MPPT control. The SM-MRAS-based sensorless control strategy is applied here to estimate the outer
rotor speed and position for improving the reliability of the MPPT control of the EVT. The control
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block diagram of the outer rotor of the EVT machine is shown in Figure 5. The reference d-axis current
i*ds is set to zero to simplify the control. The space vector modulation is adopted to generate control
pulses for the stator side converter.

Figure 5. Control configuration of the outer rotor of the EVT.

3.3. Sensorless Control for the Inner Rotor of the EVT Machine

The control target of the inner rotor of the EVT is to remain at the steady synchronous speed,
thus generating the electricity with constant frequency. The inner rotor speed control comes trued
through the inner machine of the EVT. However, the inner machine is different from the traditional
machines since both of the two rotors are rotational. The rotor speed of the inner machine is considered
as the speed difference between the outer rotor and inner rotor [5]. Then the rotor position of the inner
machine is codetermined by the inner rotor and the outer rotor, which can be obtained as:

θin =
∫

ωindt =
∫

(ωi − ωo)dt (30)

where ωin is the speed of the inner machine. Based on Equation (30), both the outer rotor speed and
inner rotor speed are required to calculate the position θin. Afterwards, the errors may be produced
by the sensors in the process of detecting the rotor speed and position. Additinoally, the error of the
position will be larger due to the accumulation of the detected values through sensors. Thus, the
above-mentioned sensorless control based on the SM-MRAS is applied to the inner machine, as well as
the outer machine, to increase the detecting accuracy of the inner rotor speed and position.

The control strategies of the inner rotor, when the system is off grid and on grid, are both given in
Figure 6. The inner rotor speed has to be regulated to rotate at the synchronous speed to reach the grid
frequency when the system is off grid. However, the control strategy for the inner rotor side converter
will be changed when the WECS is on grid due to the inner rotor speed being determined by the grid
frequency at this moment. Thus, the inner rotor side inverter is used to regulate the DC link to ensure
the voltage remains constant. The given reference DC link voltage is compared with the real value and
the difference is given to a PI regulator. Then the output is the reference inner rotor q-axis current. The
same as the outer rotor control, the reference d-axis current of the inner rotor windings i*dr is set to 0
and space vector modulation is adopted to generate control pulses for the inner rotor side converter.
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Figure 6. Control configuration of the inner rotor of the EVT.

4. Simulation Validation

The model of the DPF-WECS is built in MATLAB/Simulink (MathWorks, Natick, MA, USA) to
verify the proposed sensorless control strategies. In the simulation, the wind turbine parameters are
shown in Table 1. The rated power of the EVT machine is 10 kW and the parameters are given in
Table 2. The rated speed of the outer rotor is 300 rpm and the rated speed of the inner rotor is 1000 rpm.
The simulation parameters are based on the designed prototype EVT machine, in agreement with the
experimental parameters.

Table 1. Parameters of the wind turbine.

Items Wind Turbine

Rotor Radius (m) 2.84
Air density (kg/m3) 1.225

Optimum tip speed ratio 8.1
Optimum wind power coefficient 0.48

Rated wind speed (m/s) 11
Rated power (kW) 10

Table 2. Parameters of the EVT machine.

Items Outer Machine Inner Machine

Resistance (Ω) 0.54 0.14
d-axis inductance (mH) 13 3.5
q-axis inductance (mH) 13 3.5

Inertia (kg·m2) 0.55 0.16
Permanent Magnet flux-linkage (Wb) 1.86 0.49

Pole pairs 6 6

In the simulation, the proposed MPPT method is applied for the outer rotor of the EVT.
Additionally, the SM-MRAS-based sensorless strategy is applied in both the outer rotor and inner
rotor control. The direct current (DC) link of the DPF-WECS is equipped without the ESS in order
to be consistent with the experimental conditions. The DPF-WECS is on grid in the simulation.
The simulation results are shown in Figure 7a–h.

Figure 7a shows the outer rotor speed of the EVT which matches well with the optimum speed
under the condition that the wind speed is below the rated value (300 rpm). The outer rotor speed
maintains the rated speed when the wind speed is over the rated value. Thus, the effectiveness of the
MPPT control is verified. Figure 7b demonstrates the phase A current of the stator whose amplitude



Energies 2017, 10, 888 10 of 16

varies with the outer rotor speed while the expanded figure shows the good sinusoidal character.
Figure 7c shows the outer rotor torque and stator torque of the EVT and the difference of the two
torques is equal to the inner rotor torque. The DC link voltage is given in Figure 7d and it can be seen
that it remains at the reference value of 580 V only with tiny fluctuation.

The speed, current, and torque of the inner rotor are presented in Figure 7e–g respectively.
The inner rotor speed remains constant when the DPF-WECS is on grid. It can be observed from the
expanded drawing that the inner rotor current is quite sinusoidal. The amplitude of phase A current
and inner rotor torque also vary with the wind speed because the power absorbed from the outer rotor
are all transmitted to the SG from the inner rotor by deducting the losses. The input and output power
are demonstrated in Figure 7h.

The above simulation results verify the validity of the proposed control strategies, including the
SM-MRAS-based sensorless MPPT control for the outer rotor and on-grid inner rotor control strategies
for the DPF-WECS.

Figure 7. Simulation results of the DPF-WECS.

5. Experimental Validation

5.1. Experimental Platform of the DPF-WECS

The experimental platform of the DPF-WECS is shown in Figure 8. It mainly consists of a 10 kW
permanent magnet EVT machine, a reduction gearbox, an 11 kW induction motor, and a 5.5 kW
PMSG. The WT is imitated by the induction motor (IM) and the reduction gearbox with a ratio of 4.2.
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The parameters of the IM for the imitation of the wind turbine is shown in Table 3. The control of the
IM and the EVT machine is based on the dSPACE DS1103 (dSPACE, Paderborn, Germany).

Figure 8. Experimental platform of the DPF-WECS.

Table 3. Parameters of the IM for the imitation of the wind turbine.

Items Induction Motor

Stator resistance (Ω) 0.385
Rotor resistance (Ω) 0.393

Stator leakage inductance (mH) 1.9
Rotor leakage inductance (mH) 1.9

Mutual inductance (mH) 85.7
Rated speed (r/min) 1450

5.2. Validation of the SM-MRAS Sensorless MPPT Control

For testing the performance of the proposed SM-MRAS sensorless MPPT control, the experimental
control platform is shown in Figure 9, where the inner rotor of the EVT is out of control at this time.

Figure 9. Experimental control platform for testing the sensorless MPPT strategy.

The direct torque control (DTC) strategy is employed for the IM control to improve the torque
response speed and then achieve the good performance of the WT imitation. The experimental results
of the WT imitation are demonstrated in Figure 10. Firstly, the DTC method for the induction motor is
the adopted speed regulation control with no load. The reference speed of the induction motor is given
from 550 rpm to 600 rpm and then to 550 rpm. It can be seen from Figure 10a that the DTC control
for realizing the speed regulation is achieved successfully and the torque is relatively stable when the
speed is changed. Then torque control is applied for the induction motor to imitate the WT. The given
wind speed is 4 m/s, 5 m/s, and 6 m/s while the outer rotor speed of the EVT is given from 20 rpm to
200 rpm with recording a time every 10 rpm. The output torque of the induction motor is given in
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Figure 10b. It can be found that the experimental torque results are coincident with the ideal wind
turbine curves; thus, the imitation of the wind turbine is realized.

Figure 10. Experimental results of the imitated wind turbine.

The experimental results of the outer rotor of the EVT machine with the sensorless control are
shown in Figures 11–13. For testing the low-speed performance of the sensorless control, the reference
speed of the outer rotor is from 50 rpm up to 80 rpm and down to 50 rpm by limiting the changing rate
with no load. The experimental results under the traditional PI-based MRAS control and proposed
SM-MRAS control are shown in Figures 11 and 12, respectively. It can be seen from the results
that the sensorless control can be realized both when under the traditional MRAS control and the
proposed SM-MRAS. The proposed SM-based MRAS sensorless control performs similarly with the
traditional PI-based MRAS sensorless control when the outer rotor speed is 50 r/min. However, the
performance of the SM-MRAS sensorless control is better than the PI-based MRAS sensorless control
when the outer rotor speed is changed to 80 r/min, which indicates that the PI parameters should be
adjusted slightly to ensure good performance while adopting the traditional PI-based MRAS control.
Thus, the SM-MRAS-based sensorless control performs better than the traditional PI-based MRAS
sensorless control.

The experimental results of the outer rotor with load are shown in Figure 13, while the reference
speed and load change during the control process. The outer rotor speed sensorless control has strong
performance when both the load suddenly changes and the reference speed changes, as shown in
Figure 13a. The phase A current of the stator windings presented in Figure 13b is almost sinusoidal.

Figure 11. Experimental results of the outer rotor under the PI-based traditional MRAS control.
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After the validation of the sensorless MPPT control method by giving the step reference speed,
the stochastic wind speed is given for further validation. For achieving the proposed MPPT control,
the torque loss should be estimated, as shown in Equation (29). Then the constants C and C2 in
Equation (27), which are the key factors, must be obtained first. The detailed method for estimating
the torque loss can be seen in [19]. In the experiment, the relationship of the torque loss and the outer
rotor speed is tested as Tloss = 15.5 + 0.3ωo by using the estimation method in [19]. Then experimental
results of the outer rotor are presented in Figure 14 by adopting the proposed optimum current given
MPPT control method. It can be seen that the outer rotor speed and the outer rotor torque can follow
the reference values well, which indicate that the MPPT is achieved successfully. The output power of
the stator presented in Figure 14b is maximized when the wind speed varies.

In conclusion, the experimental results validate the good performance of the SM-MRAS-based
sensorless MPPT control strategy for the DPF-WECS.

Figure 12. Experimental results of the outer rotor under the SM-MRAS sensorless control.

Figure 13. Experimental results of the outer rotor of the EVT machine with load.
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Figure 14. Experimental results of the MPPT control for the DPF-WECS.

5.3. Validation of the Sensorless Control for the Inner Rotor

The performance of the proposed SM-MRAS sensorless control for the inner rotor of the EVT
machine is tested where, at this time, the SM-MRAS sensorless MPPT control is applied for the outer
rotor. The inner rotor speed of the EVT machine is controlled to maintain a constant speed while the
outer rotor speed is given the reference step speed. The experimental results of the inner rotor are
presented in Figure 15. It can be known from Figure 15a that the inner rotor speed remains at 300 r/min
while the outer rotor speed is changing. At this point, the sensorless control for the outer rotor is
successful and the estimated and the actual outer rotor speed match well, as shown in the extended
waveform. The inner rotor position and phase A current are presented in Figure 15b, showing that the
estimated position is coincident with the actual position and the phase A current of the inner rotor
windings are relatively sinusoidal. Thus, the proposed SM-MRAS-based sensorless control for the
whole system is achieved, which is both applied to the outer rotor and inner rotor.

Figure 15. Experimental results of the sensorless control for DPF-WECS.

6. Conclusions

In this paper, a SM-MRAS-based sensorless control strategy is proposed for the DPF-WECS
which is applied to the two rotors of the EVT machine to enhance the system robustness. First, the
sensorless-based MPPT control method, which is realized by the optimum q-axis current calculation of
the stator, is adopted for the outer rotor. Additionally, the torque loss of the outer rotor is considered
to improve the MPPT efficiency. Furthermore, the proposed sensorless control strategy is adopted to
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control the inner rotor to improve the control precision. Finally, the effectiveness and performance of
the proposed sensorless control strategies are validated by the simulation and experimental results.

The proposed sensorless control strategy is meaningful for the EVT machines, which are applied
in other fields. Furthermore, the research work in this paper can provide thought for the control of
machines with double rotors, though the proposed SM-MRAS-based sensorless control strategy itself
is not so novel.
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