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Abstract

This paper proposes a Wind Turbine Emulator (WTE) using an Indirect Field Oriented (IFO)
Induction Motor (IM). The IM drive can be controlled as a conventional prime mover in speed
mode, or a wind turbine in torque-speed mode via robust observed torque control. This paper
presents key issues for establishing a high-performance IFO IM drive. Further, this study
develops a wind turbine load Interior Permanent-Magnet Synchronous Generator (IPMSG)
followed by a three-phase Vienna Switch-Mode Rectifier (SMR). It receives mechanical driven
power from the WTE and establishes a 400V DC-link for the DC micro-grid. The good
generating characteristics are achieved through proper controls of both the IPMSG and SMR.
Various wind turbine torque-speed and power-speed characteristic curves under different
wind speeds can be emulated by the developed WTE. The designed results are verified by
simulations. The measured results indicate that the errors are within 1.5% and 1.0%,
respectively, for the torque and the power compared to the designed ones. The maximum
power point tracking (MPPT) function with good performance for the PMSG with Vienna SMR
is achieved using the perturb and observation (P&0O) approach. The dynamic and steady-state
operating characteristics of the developed whole turbine emulator driven PMSG system are
assessed experimentally.
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1. Introduction

In recent years, renewable energy sources [1-4] are being utilized to reduce fossil fuel
consumption. A photovoltaic cell and wind generator are the most popularly used renewable
sources. Some interconnected applications for wind turbines with grid, energy storage systems, and
electric vehicles were presented [5-8]. The survey for comparative characteristics of various types
of wind generators and their interface power converters has been given in an earlier study [9].
Owing to the high power density, the PMSG is chosen as the wind generator for testing the
developed turbine emulator. The proper commutation is set to effectively use the reluctance power
component.

In order to facilitate the research on wind generating systems, a wind turbine emulator (WTE) is
needed. Many studies have proposed suitable WTEs for various wind generator system
characteristics [10-13]. Basically, any electric motor [14, 15] can be employed to construct a WTE.
Some WTEs using permanent-magnet synchronous motor (PMSM) [16, 17] and induction motor [18-
23] have been developed. However, the WTE with desirable wind generating characteristics is not
easy to achieve. Compared to other electric motors, IM has advantages of rigid structure, being
magnet-free, low cost, ease of making field-weakening, suitability for high-speed operation, and a
few more.

Basically, the high-performance induction motor drives can be classified into field-oriented
control [24-27] and observed torque control [28, 29]. Both are sensitive to the changes in motor
parameters; thus, they need accurate parameters. In the developed WTE, the indirect field-oriented
(IFO) induction motor is employed with adequate field current setting and accurate motor
parameters using the proposed measurement approach. The established motor drive can be
operated in speed mode for a conventional prime mover or in torque mode for emulating a wind
turbine.

SMRis a crucial active front-end for the plants drawing power from the AC sources. Earlier studies
[30, 31] present the surveys for single-phase and three-phase SMRs. The three-phase Vienna SMR
[31-34] provides the features of complete power factor PWM control flexibility using only three
switches, lower switching losses for three-level voltage switching, and unidirectional power flow
capability. For the established WTE system, the adoption in the load PMSG followed interface is for
the unidirectional power requirement.

For a wind generating system, the application of the Maximum Power Point Tracking (MPPT)
control extracts the maximum wind energy and converts it to electric energy using the generator.
Earlier studies [35-39] proposed numerous MPPT algorithms. The designing of the P&O control
scheme is for the developed WTE-driven wind PMSG with followed Vienna SMR.

This paper proposes a developed wind turbine emulator established using an IFO induction
motor. The designed wind turbine torque-speed and power-speed characteristics according to the
specific wind turbine mechanical data and the employed IM ratings are presented and verified by
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simulation and measured results. The developed WTE can drive any category of the generator.
IPMSG with Vienna SMR coupled to the turbine emulator shaft serves as its test load. The emulator
controlling is similar to the desirable conventional turbine and wind turbine, which is done by the
properly designed IFO IM drive with robust observed torque control. The verification of the
operating characteristics of the established IM drive-based WTE and the PMSG based wind
generator is experimentally done.

2. System Configuration

Figure 1 depicts the typical configuration system of a DC micro-grid. All wind generators, PV
sources, and energy stored devices must be interfaced to the common DC bus by suited AC/DC or
DC/DC converters. Further, the bus using DC/DC converters or inverters powers the loads. An
electrical vehicle (EV) and the specific battery energy storage systems (BESS) can be incorporated
into the micro-grid for exchanging their energies and enhancing the supplying power quality of
micro-grid. In addition, the DC micro-grid can be connected to the utility grid using a bidirectional
inverter through a synchronization process.

DC micro-grid Utility
P m 1 grid
| |
| ‘\‘lf . |
-@- PV Mlcro-
i * turbine i
| |
| |
l l
| . . . . |
| DC-ring distribution bus !
| |
: ¢ : M2G/G2M
| |ococ| | Acioc| | >
DC/AC
| ! | :
| |
! e g !
[
| L1y @ |
! SC FW !
_________________________________ d
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Battery energy storage system B2G
(BESS) /
DC/DC («—»DC/AC
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® M2V : microgrid-to-vehicle ® G2M : grid-to-microgrid e \/2B : vehicle-to-battery
® M2G : microgrid-to-grid ® G2V : grid-to-vehicle ® V2G :vehicle-to-grid
® M2B : microgrid-to-battery ® B2M : battery-to-microgrid ® VV2M : vehicle-to-micro-grid
® M2H : microgrid-to-home ® B2H : battery-to-home ® VV2H : vehicle-to-home
® G2B : grid-to-battery e B2V : battery-to-vehicle

Figure 1 Typical system configuration of a DC micro-grid incorporated with EV and BESS.
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Among the most employed renewable sources are the wind-generators. Figure 2 shows a typical
wind AC-generator with a fully-rated converter. A back-to-back AC/AC converter connects the stator
of a wind turbine-driven induction generator (IG) or PMSG to the grid.

Transformer Grid

Transformer Grid

Controller

Figure 2 Typical configuration of a wind turbine emulator-driven generator system.

Controller

Emulating the wind generator system, depicted in the upper part of Figure 2, requires a turbine
emulator and a test load generator. The lower panel in Figure 2 illustrates the typical configuration
of a wind turbine emulator-driven generator system. Any category of the motor can be the actuator
of the turbine emulator. In the developed emulator, the IM is adopted. The key issues for IM IFO
mechanism, current and speed controls, and robust observed torque control are well addressed.
The developed IM drive can successfully act as a conventional fixed-speed prime mover or a
variable-speed wind turbine. The developed WTE can drive any category of the wind generator. An
IPMSG is used as the load generator, which is followed by a unidirectional Vienna SMR.

A wind generator following AC/DC converter requires only unidirectional power, and
consequently, the Vienna SMR possesses the best-compromised characteristics. First, only three
power switches are required to achieve sinusoidal armature current waveform with nearly unity
power factor and low THDi. Next, the inherent three-level voltage switching yields lower switching
losses. Lastly, the inherent bipolar DC voltage output can naturally establish the microgrid bipolar
DC bus.

Figure 3 shows the developed wind turbine emulator-based IM drive. The turbine emulator shaft
coupled to IPMSG followed by Vienna SMR serves as the test load. Figure 4 depicts the control
scheme of the IFO induction motor drive.
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IM driven wind turbine emulator
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Figure 3 The developed induction motor-based wind turbine emulator driven IPMSG
system.
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Figure 4 Control scheme of the developed prime mover emulator IFO induction motor
drive.

As depicted in Figure 4, the IM driven emulator can operate as a conventional prime mover in
speed mode or torque mode for wind turbine:

(1) Speed mode: Placing the switch in Figure 4 at position @ . The outer speed loop vyields the
torque current command ig.

(2) Torque mode: Placing the switch at position ® . Regulating the tracking error between the
observed torque T, and its command T, provide the command igs, generated by the modeled wind
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torque-speed curve to represent the wind turbine driving behavior. Properly set slip angular speed
command and the field-current command i, allow high torque development in the IFO IM drive.
The developed WTE can be employed to drive any types of generator. In order to test the
developed wind turbine emulator, a load PMSG followed by Vienna SMR, as shown in Figure 3, is
constructed to establish the DC microgrid common DC-bus voltage with proper regulation. A load
resistor across the bus is used for the test load. The designed PMSG system can be controlled under
the voltage mode for the conventional generator or the MPPT mode for the wind generator. While
conducting the MPPT control, the maximization of the Vienna SMR DC-link power P, is achieved.

3. Induction Motor Driven Wind Turbine Emulator
3.1 Power Circuit

a. Induction motor: Rating on the employed motor is 4-pole, 60Hz, 150V, 2.2 kW, 10.4A, and
1740 rpm.

b. Velocity sensing scheme: The incremental encoder (A, B, Z) signals with 1000pluses/rev yield
the sensed rotor speed.

c. PWM inverter: Constructed using three IGBT modules CM100DY-12H (Mitsubishi, Vg5 =600V,
I = 100A (continuous), and I = 200A (pulsed)).

d. Inverter input source: The DC-link of motor drive inverter is powered using commercialized DC
power supply with v;. = 400V. If the WTE powered by the mains is desired, one can adopt a SMR
front-end. The Vienna SMR may also be a good choice for the reasons of unidirectional power
requirement and the least power switch number being used in achieving good line drawn power
quality.

3.2 Indirect Field-Oriented Mechanism

For an IFO induction motor, setting the following slip angular command achieves decoupling
control:

" "
Ry lgs Y l@

(1)

T LR Tl
Here R, is rotor resistance per-phase, L, is rotor inductance per-phase, and T, is rotor time-
constant. Setting the actual rotor parameters in the field-orientation scheme can result in the
following phenomena: (i) 445 = 0 and d4,./dt = 0; (ii) The rotor flux becomes A; = Ay, =
(Lizs)/ (1 +sT,.) = Ly,iys, as the electric time-constant T, is generally much smaller to the
mechanical time constant; and (iii) The induction motor developed torque, and the mechanical
equation is as follows:

3PL%, . . d
Te = T_rlds lgs =T, + Bw, +1%wr (2)

Here P is pole number, L,, is magnetizing inductance, T, is load torque, B is total damping
coefficients, and J is total inertia-constant.
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* D-axis current setting: Using the rated data and the measured NLT data, the d-axis current
commands become:
W, < Wy (wp=base speed):

V V,
\/E( l,rated) —i R \/E( l,rated)
5 = ihep = V3 ) PR V3 3)
ds dsb Low, L (P_ﬂ Nygted )
S\601— Srated
. i(’;sb Wy
> e = —, =— 4
Wy Wpilgs wr,pu wr,pu wp ( )

Here the simple 1/ w,. field-weakening approach is adopted. The rated line-to-line voltage V,4teq=
150V and i4s N R are neglected owing to their small value at no load, S;.4¢eq is the rated slip, known

from the given ratings of an induction motor, and N,.;;.4 is the rated rotor speed.
3.3 Induction Motor Parameter Estimation

It is well-known that the IFO control behavior for an IM is greatly affected by the field current
command iz, and the rotor parameters set in the wg;. The observed torque for torque mode
control is also related to the parameters L, and L,..

Normally, the IM phase equivalent circuit parameters are measured from the no-load test (NLT)
under rated voltage and frequency, and the blocked-rotor test (BRT) with reduced frequency.
However, the commercialized AC power supply with sufficiently low frequency is not readily
available. To overcome this difficulty, a parameter estimation mechanism is proposed (Figure 5(a)
to 5(c)), where the constructed inverter (Figure 3) performs the NLT under the voltage-mode with
rated flux and the BRT under current-mode with rated current and sufficiently low frequency.

Measured Results: The blocked-rotor test measured a-phase armature current under 10.34A
(RMS)/5Hz, and Figure 5(d) shows the plotted command with a very close current tracking
waveform. All measured data are listed below:

* DC-test: R, = 0.812.

* NLT:V,; =150.14V/60Hz, I,; = 4.913A, P,; = 82.68W.

* BRT:V,, = 25.13V/5HzI,,, = 10.34A,P,, = 415.14W.

Using the data, following the standard estimation procedure, the estimated equivalent circuit
parameters are:

Ry = 0.802, R, = 0.4943Q), L;;= 4.3098 mH, L,,,= 42.488 mH, L;,= 4.3098 mH, L,.= 46.7978 mH.

Page 7/22



JEPT 2021; 3(2), doi:10.21926/jept.2102018
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Figure 5 The proposed induction motor inverter-fed parameter estimation mechanism:
(a) Schematic; (b) NLT scheme; (c) BRT scheme; (d) BRT measured results at 5Hz.

3.4 Control Schemes

The design procedures of all controllers are neglected due to the limit of scope. The summary of
designed controllers is as follows:

3.4.1 Ramp-Comparison Current Controlled PWM Scheme

The current loop control block of the developed standard IM drive in d-q domain is shown in
Figure 4. And the ramp-comparison current-controlled PWM (RC-CCPWM) scheme is adopted here.
Both the d-axis and g-axis current feedback controllers are set to be identical with

_ K
Gei(s) = Kp; + - (5)

The upper limit of Kp; is found first using large signal stability criterion expressed as follows:

d dvtri
— <
dt = "qe (6)

By letting G.; = Kp;, Figure 4 and equation (6) provides the following equation:

dveg deigg vV, AViri
=Bk, =LKKy) < 7
(dt ac L ‘”)‘ dt @)

The related system parameters of the established motor drive are switching frequency f; =20
kHz, dvy.;/dt =40 kV/s, K; =0.05V/A, Ly = Ly = Lis + Ly, = 46.8mH, V. =400V, and vy, =

Vac/2 =200V. Using the known parameters, the limit of K,,; from equation (7) is as follows:

Kp; < 187.2 (8)
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Accordingly, Kp; = 4.33 and selection of integral gain by trial-and-error yields:

50

Gei(s) = Kpi +—+ = 433 + — (9)

3.4.2 Speed Feedback Controller

For simplicity, the selected speed controller is also chosen to be Pl type with its parameters being
determined via trial-and-error as:

K 6.47
G, (5) = Kpy, + % =45+—— (10)

3.4.3 Torque Controller

Feedback Controller. The observed torque is obtained from equation (2), and the Pl torque
feedback controller is as follows:

K 70.5
Ger(s) = Kpp + % =25+— (11)

Torque Robust Error Cancellation Controller (TRECC). To enhance the torque control robustness,
a simple TRECC, as shown in Figure 4, is added with the robust weighting function being:

Wr
1 + TTS’

Wr(s) = <wr<1 (12)
where 77 = 1.592 X 10735 is set. Through derivation one can find that the voltage tracking error
er yielded by feedback control can only be reduced to (1 — Wy (s)) e = (1 — Wr) er by adding
the TRECC. However, the control effort izs will be magnified to igs/(1 — Wr). Thus, the
compromised state in control performance and resulting control effect must be considered.

3.5 Modeling of Wind Turbine Output Characteristics

Generally, the developed torque-speed (T, — w,.) and power-speed (P, — w,.) characteristics of
a wind turbine depend on the specific mechanical design, especially the power coefficient. The
known data provided from the vendor can be used to program the (T, — w,) and (P, — w,-) curves
for a wind turbine. Although the mathematical modeling is carried out by the assumed parameters,
the derived modeling process is generalized and can easily be modified according to the specified
data.

The programmed torque-speed (T, — w,-) curves for a given wind speed v,, of the developed
wind turbine emulator, from equation [1] are as follows:

T, = (_Kmax)wg + (ZKmaxwmt)wr (13)
Wme = 100v, + 200, w,,,; = 700rpm (14)

Where w, is rotor speed in rpm, v,, is wind-speed in m/s, and w,,; is rotor speed in rpm at which
the maximum torque occurs. The relationship in equation (14) is arbitrary. Besides, the
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determination of constant K,,,,, is done at the rated speed (= 1740rpm) and the rated torque (=
12.07N-m) of the employed IM, which is as follows:

07 — -6 N .M
/17402 =3.986x10"°N /(rpm)2 (15)

Kmax

The maximum torque under a wind speed v,, is as follows:
Thax = Kmax(a)mt)2 = 3.986 X 10_6(wmt)2 (16)

The power-speed (P, — w,) curves for a given wind speed v,,, from equation (13), is as follows:

21
P—T(

=5 ) orv —m) - (rad/g) a7

The optimal power and the corresponding optimal torque w, = w,,; for a given wind speed v,
are as follows:

Py = Kopt,,(wopt) Tope = Koptt(wopt) ,Koper = 1.959 X 1076, =2.0919 x 1077 (18)

optp
The relationship between w,,; and w,; is:
Wopt = 1.333Wp (19)
3.5.1 The Designed Torque Curves

From equations (13) and (14), using the related system parameters, the designed T, — w, curves
under various wind speeds are as follows:

Te =—3.986x10~ 6a)r +0.00597%y, v, = 5.5m/s; Te =—-3.986x10~ -6 0 +0 0067762v¢, Vyw = 6.5m/s
Te =—3.986x106wf +0.0075730r, vy = 7.5m/s; T, = —3.986 x 10" °w?2 + 0.008371w,, v, = 8.5m/s
Te = —3.986x10"8 ¢ +0.0091680r, 1, = 9.5m/s; Te = —3.986x10-6 w# +0.0099650;, 14, = 10.5m/s

T, = —3.986 x 10~ °w2 + 0.0107622w,, 1, = 11.5m/s
3.5.2 The Designed Power Curves

Equation (13) provides the following designed P, — w,- curves under seven wind speeds, which
are as follows:

Po = —4.1741x10~7 0P +6.2612x10~4 ¢, Vw = 5.5m/s;

P, = —4.1741 x 1077 w2 + 7.096 x 10~ *w?, v, = 6.5m/s

P = —4.1741x10~7 wp + 7.93x10 4 wf , v, = 7.5m/s;
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Pe = —4.1741x10~7 P +8.7656 x10~4 wf, 1, = 8.5m/s
P = —4.1741x10~ 0P + 9.6 x10 4 ¢, v, = 9.5m/s;
Pe = —4.1741x10~" wf +1.043x1073wf, v, = 10.5m/s
P =-4.1741x107 @p +1.127x103wf, 1, = 11.5m/s

4. Load Wind PMSG
4.1 Wind PMSG

* The employed PMSG is rated as three-phase 4-pole, 4500 rpm, 1.7 kW, and 3.92N-m. The
estimated data are as follows: peak value of flux linkage A;,, =0.13Wb, phase winding resistance
R = 0.73Q, g-axis inductance L, =7.031 mH, and d-axis inductance L; =4.2 mH, which belongs to
interior PMSG (IPMSG). Further, the average winding inductance Lg = (Lg + Lgq)/2 = 5.62 mH.

*  Position sensing scheme: Incremental encoder has (A, B, Z) signals with 1000 pulses/rev.

* Voltage and current sensing factors: K,, = 0.0025V/V and K; = 0.043V/A.

4.2 PMSG Followed Three-phase Vienna SMR
4.2.1 Power Circuit

The key features of the Vienna SMR are:

* Three-phase AC inputs: Equal to the back-EMFs of the employed IPMSG with E,; =25.71
Vms/Krpm, which changes with rotor speed.

*  Output: V; =400V, P; = 1.5kW.

*  Energy storage inductors: Employing the PMSG embedded armature winding inductances as
the Vienna boost inductors.

e (4 = Cyy = 2200 UF/450V.

*  PWM switching frequency: f; = 30kHz.

* Power devices: The rectifier module VUN 25-05E (500V, Ipo5 = 35A (25°C), Ipgs = 25A

(85°C), Ipp; = 95A(pulsed)) manufactured by IXYS.
4.2.2 Control Schemes

Commutation scheme. As shown in Figure 6, to achieve better SMR control characteristics, the
current-command is generated by the unit vectors, synchronized with the IPMSG-generated back
electromotive forces based on the sensed rotor position. The developed torque of an IPMSG is as
follows:

Lg—Lg

_ )igs sin 2,8] (20)

3P, .
T, = Ez[/lmlas cosf +<
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where 15 :Jiésﬂgs and f denotes the shifted angle of a-phase current phasor relative to the

sensed g-axis. To achieve the maximum developed torque, dT,/df = 0 can yield the commutation
shift angle as follows:

A, + \//1;,21 +8(L, — Ld)zfgS
4(Ly — Lg)lys

(21)

[ .
} IMdrla/en 1 +
| win Vienna
I turbine SMR Vd Rq
| emulator -
L 1
£ rr
Sa Sb Sc
N fi lign] + . ¢ia Vea [
Y3 OG0 (5)| Lo ko1@ S e
—’ . saw» M a
Vd fian| YAVANES
Vg AD || LPF I sa(] fan i
v Voltage -abs /D | K; &1
| ___________controlmode | "
Va MPPT C d
’ omman
ld = aigorithm [| generator .
Or —»| Ion
id > K; > AID|»{ LPF [ i MPPT x
" control mode il +_ sic Vee [P |
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Encoder s () licn 1M
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B
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Figure 6 Control scheme of the IPMSG followed Vienna SMR.

Current and Voltage Controllers.

(i) Ramp-comparison current-controlled PWM scheme
Figure 6 depicts the ramp-comparison current-controlled PWM (RC-CCPWM) scheme, and the
Pl-type feedback controller is as follows:

K
Gei(s) = Kp; + - (22)
The upper limit K,; using large-signal stability criterion is as follows:

AVeont T |Vd - |eas|| < AVey
dt Lg dt

(23)

The system parameters of the established Vienna SMR are v; = 400V, K; = 0.05V/A, f; =
30kHz, Ly = 5.62mH, and dv,;/dt = 60kV/s. Hence, the upper limit Kp;, from equation (23), by
setting e,; = OV is as follows:
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dvtri>< Ls
dt = VK,

Kp; < (I?Pl- = = 16.89) (24)

Accordingly, Kp; = 10.63 and trial-and-error can design the integral gain yields:
K;; 52
G.,(s) = Kp; + < - 10.63 + s (25)

The selected digital control sampling rate for the current-loop is f;; = 30kHz.
(ii) Voltage Feedback Controller

The control block depicted in Figure 7(a) approximately represents the voltage loop dynamic
model of the Vienna SMR, with the sensing factor being denoted as:

K, 0.002 X
1+7,s 1+132x103s "

K,(s) = (26)

The selected digital control sampling rate of the voltage loop is f;,, = 3kHz.

(t,Avgy) (t3,Avq3)

f(t2,Avgp)
(b)

Figure 7 Voltage control loop dynamic model: (a) Control block diagram; (b) Desired
voltage step regulation response.

The SMR dynamic model is approximately represented by the first-order process after filtering
the high-frequency components of voltage ripples. Figure 7(b) sketches the desired voltage
regulation response due to a step load power change. The labeled three typical points are (t; =
tr, Avgcr = 0.54vgp, ), (ty = ty, AV = AVgp, ), and  ( t3 =t , AVge3 = 0.14v4,) with
ty =falling time, t,;, =maximum dip occurred time, t,, =restoration time, and 4v,,,= maximum-
voltage dip.

The brief design procedure is as follows:

*  Dynamic model estimation

The SMR operates stably for (v; = 400V, R; = 3001). Figure 7(b) depicts the response shape
of the Pl voltage feedback controller G, (s) = Kp, + K;,,/s =1+ 10/s. The v, due to a load
change R; = 300Q — 187.50Q (4P; = 320W) is measured, and the three response points (-14.4V,
29 ms), (—28.8V, 132.5 ms), and (-2.9V, 860 ms) are employed to derive the following dynamic
model parameters of the SMR:

Ky = 5.296 x 10™*,a = 5.46053,b = 3738.84 27)

Page 13/22



JEPT 2021; 3(2), doi:10.21926/jept.2102018

* Controller quantitative design

At the given operating point v; = 400V and R; = 300Q), the voltage regulation control
specifications are Av,,, = 10.5V and t,., = 0.56s for a step power change of AP; = 320W (R; =
300Q — 187.5Q). The careful derivation can obtain the following Pl feedback controller:

K 30
G (s) = Kp, + % =58+— (28)

Figures 8(a) and 8(b) compares the simulated and measured v; due to the similar load resistance
change R; = 300Q — 187.5Q. The closeness of the results is apparent.

400V I'4 400V X

—N\ IIOV \ //"""7_, ilOV

@ bYe (b) e

Figure 8 Voltage response of the developed Vienna SMR due to a load resistance change
of R; = 300Q — 187.5Q by quantitatively designed controller G.,(s) = 5.8 + 30/s: (a)
Measured result; (b) Simulated result.

4.3 MPPT Control Scheme

The Vienna SMR DC-link output power P} is observed and used for making the MPPT control. It
is obtained as P; = v i, with the sensing factors set as K; = 0.2V/A and K,, = 0.00222V/V.

The Perturb and Observe (P&O) control with variable step size using the SMR current command
fi as a control variable are made according to the changes of P; and rotor speed.

As shown in Figure 9, the MPPT algorithm is judged one time per second, and the linguistic rules
are as follows: (i) Case 1: The generated power rises, and rotor speed decreases to let dfi > 0. (ii)
Case 2: The generated power decreases, and rotor speed decreases to let dfi < 0. (iii) Case 3: The
generated power decreases, and rotor speed increases to let df; < 0. (iv) Case 4: The generated
power decreases, and rotor speed increases to let dfi > 0. (v) Case 5: The generated power remains
unchanged, and thereby, letting dfi = 0.

Py Case 5

Case 1: Awr <0and APy >0=>Alj >0
Case 2. Awy <0and APy <0= Alj <0
Case 3: Awy >0and APy >0= Alj <0
Case 4. Awr >0and APy <0= Alj >0
Case5: APy =0= Alj =0

> ()d
Figure 9 The proposed MPPT algorithm for determining the Afi Vienna SMR.
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5. Experimental Results

5.1 IFO IM Drive Speed-mode Characteristics

The switch in Figure 4 is at position ® that allows the developed IFO IM drive to be operational
under the speed mode. Figure 10(a) shows the measured (w;,w;.) and (i;s,i&s) during the starting

process (w; = 0 — 1800rpm) with the ramping rates of 225 rpm/s and 450 rpm/s at (v4. = 400V,
R4 = 10Q). Figure 10(b) depicts the measured (w;,w;) and (ils,ifs) at “f =1800rpm, , . = 400V,
and R; = 85.7Q), due to a step speed command change of 100 rpm. Further, Figure 10(c) depicts
the measured (w;,wy) and (igs,igs) at (wy: = 1800rpm, v4, = 400V, R; = 50Q) due to a step load
resistance change from R; = 50() to 33Q. The results depict superior driving performances.

450
(rpm/s)* ol 1800rpm
wr\ >/ //
ot 0 %%
L] 225
= (rpmfs)
450
(rpm/s)lqs ® W 1AW Tld
/:)‘ 225 IZA @
igs Tgs (rpm/s) 1800 \:ﬂ,w 50
- @ s X rpm
X 50ms/div wr
1900rpm
wr
™~ [ 50 i
1800rpm Or rpm —— ;
‘ igs 2A
L —
ids = © 1s
7
igs -I_ZA
L

() 50ms

Figure 10 Measured dynamic responses of the established IFO IM drive: (a) (w},w,.) and
(igs,igs) during starting process (w; = 0 — 1800rpm) with the rates of 225 rpm/s and
450 rpm/s at (vg, = 400V, R; = 10Q); (b) (w;,w;) and (igs,igs) at (wy = 1800rpm,
Vde = 400V, R; = 85.7Q) due to a step speed command change of 100rpm; (c) (w;.,w;.)
and (igs,iqs) at (wy = 1800rpm, v4, = 400V, Ry = 50Q) due to a step load resistance
change from R; = 50(1 to 33Q.

5.2 IFO IM Driven Wind Turbine Emulated Characteristics

The IM drive in torque mode is evaluated first. Figure 11 plots the measured torques and the
resulting torque current commands of the IFO IM drive (R; = 120Q) due to a step torque
command change T, = 2Nm — 3N - mby PI feedback control without and with torque robust
tracking error cancellation control. The results indicate that the fast torque can be obtained by
choosing the larger value of robust weighting factor Wy, subject to having larger torque current
command. Taking the compromised considerations Wy is 0.5.
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Main =125 k

Sms/div

3N m

5ms

Figure 11 Measured torques and resultant torque current commands for the established
IFO IM drive (R; = 120Q)) due to a step torque command change T, = 2Nm —
3Nmby PI feedback control without and with robust torque tracking error cancellation

control.

The developed IFO IM-driven wind turbine emulator drives the IPMSG with Vienna SMR. The
emulator follows the designed wind torque curve to present a desirable wind turbine driving

behavior for the driven IPMSG.

Figure 12(a) shows the simulated torque curves for seven values v,,, and Figure 12(b) depicts the
simulated power curves. In Figure 12(a), the corresponding optimal (speed, torque) points are also
labeled. As shown in Figure 12(a), since the generated torque is zero at a standstill, it is started from
the speed-control mode and then changed to the torque-control mode. When the control mode is
set at toque-control mode, the torque current command igs signal changes from @ to as

depicted in Figure 4.

8 /
F (1350, 7.264) (@ » max)

,4/ Popt =

3 Tmax Kmax (@mt)2

250, 6.22,
6k ;‘
E 1666, 5. §4)
.\
532, 4. eéx 5
=
\J(\AOO 3. 9)\ A

.‘\.

27 N,

\/\(1800 6.45) (opt , Topt)

8 / \%\B)\ \\ \ 11'5mis
1133, 2 Y N 105mis V‘A‘

/ e N, 8. Sm/s A

= \\ 7.5m TN \__. : \

Ve /s Y

5.5mis m\ NN

Kopt, p(@opt)3

1500
wr(rpm)

@

1000 2000

2500

3000

[}
/

K ( )3 1800, 1220
opt, p\®opt B0 1220) (0 Roy)
/ \
/ N\
/ - (1666, 967) \.\:
/ / \
{/ (1532,752) N\ ‘-‘“
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/ \

/
%(1400, 574) \ \
11! smis
N 105mis |
N9 ém/s A\ k
SS{n/s \

7 Sm/s \

/ \
‘__‘_‘1266 424) \
1133 30N

1000 1500 2000

or (rpm)

(b)

2500

Figure 12 Simulated torque and power curves of the designed IFO IM-driven wind

turbine emulator: (a) T,

—wy; (b) P, —w

3000
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Under the same conditions, Figures 13(a) and 13(b) depict the measured results of the
established IFO IM-driven wind turbine emulator. Accordingly, closeness between measured and
simulated results and the correctness of the designed wind turbine emulator are seen.

Comments: Figures 12 and 13 show the simulated and measured results and indicate the
following facts: (i) Simulations verify the designed wind turbine torque-speed and power-speed
results. (ii) The measured values show that respective errors are lower than 1.5% (at 950rpm,
(3.577-3.53)/3.577=1.314%) and 1.0% (at 1266rpm, (424-420)/424=0.943%) for the torque and the
power compared to the designed ones.

8.75 —2‘__“0\1“ T0 ¥ 1400 —;;5-;\1“ pcy 2| TOIEmMY|
v ] . /
/ Popt = K (e, 1)3 (1800, 1220) (o P )
1350,7.28) 4 (Omy - T, ) /4— Fopt opt; pi®“op 12 4. (1800, “opt " Fopt
T8 Tinax = Kmax @mt) 2 L“m‘\ma / 00 Fopt = Kopt, p( pt)3\ //, \‘\,
¥ (1800, 6.48) (wopt ;Topt) \’\‘/ ,
6.25 R 1000 1666, 965) *
‘/( (1666, 55) //¥‘ . v
S ,
£ 5 \/{ (s g 800 / ) \(1\5} 2‘756)‘\
TR /

: o (1400,3042) % % / / "

3.75 7 ST < 600 o (1400, 871,
b4 . % 1L5his > 7 Sy
> 12&{2 105005 & o {1266, 420y I
= 25 28 oS 400 s A 1051/1'5”‘

; A o (1133, 3 .5m/s
Zxﬁ{'s% \ \ Y “\x s
1.25 6505 200 ’7"‘\‘\?3,“,57. eSS
- 5.5mls
0 0 i
—270mA —442mA
-450 0 450 900 1350 1800 2250 2700 3150 -450 0 450 900 1350 1800 2250 2700 3150
or (rpm) or (rpm)
(@) (b)

Figure 13 Measured torque and power curves of the established IFO IM-driven wind
turbine emulator: (a) T, — w,; (b) P, — w,..

5.3 IPMSG Operating Characteristics

To evaluate the MPPT control, the switch SW in Figure 6 is set at position @ to determine the
Vienna SMR current command fi by the MPPT control scheme. The wind turbine emulator operates
under the torque-speed mode, and the taking wind speed is v, = 8.5m/s. Figures 14(a) and 14(b)

show the measured (wy, P,, T,) and (vd M. p, i) at Ry = 85.74Q. Figures 15(a) and 15(b) depict
the results under v,, = 9.5m/s and R; = 85.74Q. After several steps of the tuning process, the
results indicate that the generated power by the wind turbine emulator converges at the maximum
power points. The rotor speeds and the generated torques controlling are near the designed levels.
On the generator side, the armature current generates maximum power for the connected load,
and this verifies the correctness of the proposed MPPT control.

The wind speed changes from v,, = 9.5m/s to v,, = 8.5m/s, and Figures 16(a) and 16(b) show
the measured (wy, B, T,) and (vg, ig, Py, iqn) under the dynamic MPPT tracking operation. It also
presents superior dynamic tracking characteristics.
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Figure 14 Measured results of the developed wind turbine emulator-driven IPMSG
system under (v,, = 8.5m/s,R; = 85.74Q): (a) (w;., P, T.); (b) (Vd 1d, Py ign).
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Figure 15 Measured results of the developed wind turbine emulator-driven IPMSG
system under (v,, = 9.5m/s,R; = 85.74Q): (a) (w}, P,, T,); (b) (Vd Ad, Py ign).
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Figure 16 Measured dynamic MPPT tracking characteristics of the developed wind
turbine emulator driven IPMSG system due to the wind speed change from v, =

9.5m/s to v, = 8.5m/s (a) (wy., P,, T,); (b) (Vd id, Py, ian)-
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6. Conclusions

Wind turbine emulator is beneficial for conducting research on micro-grid. This paper presented
the development of a wind turbine emulator using IFO IM drive. The desirable IM driving
characteristics are preserved by properly treating its field-orientation mechanism with accurate
rotor parameters and applying robust torque control. The conventional prime mover speed mode
and the wind turbine torque-speed mode can be successfully operated by the developed IM driven
emulator. The developed wind turbine emulator can be used to drive any type of generator. A test
load with IPMSG followed by a three-phase Vienna SMR has been established and driven by the
turbine emulator to establish the DC micro-grid common DC-bus voltage. Various wind turbine
torque-speed characteristic curves under different wind speeds can be correctly generated by the
developed wind turbine emulator. The designed results were verified by simulations, which
indicated that the errors are within 1.5% and 1.0%, respectively, for the torque and power,
compared to the designed ones. The MPPT for extracting the wind generating power can be
achieved by the IPMSG followed by Vienna SMR using the P&O control approach. The effectiveness
of the developed whole emulator has been verified experimentally, including its dynamic MPPT
tracking operating characteristics.
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