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Real-Time Hardware Simulator for 
Grid-Tied PMSG Wind Power System  

 
 

Young-Do Choy*, Byung-Moon Han†, Jun-Young Lee** and Gilsoo Jang***   
 

Abstract – This paper describes a real-time hardware simulator for a grid-tied Permanent Magnet 
Synchronous Generator (PMSG) wind power system, which consists of an anemometer, a data logger, 
a motor-generator set with vector drive, and a back-to-back power converter with a digital signal proc-
essor (DSP) controller. The anemometer measures real wind speed, and the data is sent to the data log-
ger to calculate the turbine torque. The calculated torque is sent to the vector drive for the induction 
motor after it is scaled down to the rated simulator power. The motor generates the mechanical power 
for the PMSG, and the generated electrical power is connected to the grid through a back-to-back con-
verter. The generator-side converter in a back-to-back converter operates in current control mode to 
track the maximum power point at the given wind speed. The grid-side converter operates to control 
the direct current link voltage and to correct the power factor. The developed simulator can be used to 
analyze various mechanical and electrical characteristics of a grid-tied PMSG wind power system. It 
can also be utilized to educate students or engineers on the operation of grid-tied PMSG wind power 
system.  
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1. Introduction 
 
Permanent Magnet Synchronous Generator (PMSG), 

which can be directly coupled to the blade without a gear 
box, has been widely used in wind power systems. A wind 
power system with PMSG can be operated in a relatively 
wide range of wind speeds. [1]  

A wind power system can be divided into blades, rota-
tional parts, generators, and power converters according to 
the sequence of the energy flow. A thorough understanding 
of the mechanical characteristics of the blade and rotational 
parts, as well as the electrical characteristics of the genera-
tor and the power converter, is required to interconnect the 
wind power system with the power grid. [2, 3] 

An effective way to analyze the characteristics of a wind 
power system is to build a scaled model and test it inside 
the wind tunnel. However, it is not easy to build several 
kW scaled models and test them because of high cost. To 
address this disadvantage, various simulators have been 
developed using the software instead of the hardware ap-
proach. [4, 5] However, software simulators cannot simu-

late in detail the operational characteristics of the wind 
power system, and it normally operates offline. 

The hardware simulator was developed by researchers to 
resolve the disadvantages of software simulators. [6, 7] In 
hardware simulators, the output torque of the wind turbine 
is calculated using the procedure in the software simulator 
to compute wind speed data. The calculated torque value is 
sent to the motor drive of the direct current (DC) motor or 
the induction motor as a reference value. The data is com-
pared with the measured motor torque to offer accurate 
tracking control. The torque generated by the motor is sup-
plied to the PMSG to generate a variable-frequency alter-
nating current (AC) power. This variable-frequency AC 
power is converted into a 60 Hz AC power and is con-
nected to the power grid through the converter and inverter. 
[8, 9] 

Previously developed hardware simulators calculated 
turbine torque using offline wind data. Thus, it is not pos-
sible to analyze the operational characteristics of a PMSG 
wind power system in real time. It is also difficult for stu-
dents or engineers to understand various mechanical and 
electrical characteristics of the PMSG wind power system 
and to analyze the detailed process of electrical power gen-
eration from wind. [10, 11] 

In this paper, wind speed is measured in real time using 
an anemometer, and the measured wind speed is sent to a 
data logger to calculate the generation torque of a specific 
wind turbine for the given pitch angle of turbine. The cal-
culated torque is sent to the vector drive of the induction 
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motor through a communication link after it is scaled down 
to match the power rating of the PMSG. Therefore, the de-
veloped hardware simulator is effective in understanding 
the entire process of the grid-tied wind power system from 
the wind speed measured by the anemometer in real time. 

 
 

2. Proposed Hardware Simulator 
 
Fig. 1 shows a configuration of the proposed hardware 

simulator for the grid-tied PMSG wind power system, 
which consists of an anemometer, a data logger, a motor-
generator set with a vector drive, and a back-to-back power 
converter with a digital signal processor (DSP) controller. 

The anemometer is installed on the roof of the building 
to measure the wind speed on a horizontal axis at a 360° 
direction. The measurement range of the wind speed is 
approximately 0–30 m/s and the threshold sensitivity is 
approximately 1.0 m/s. 

The wind speed is transmitted to the data logger through 
the communication link. The torque and speed for a spe-
cific wind turbine is calculated using the measured wind 
speed. These values are scaled down to match the power 
rating of the hardware simulator, and are sent to the vector 
drive for the induction motor through the RS232 commu-
nication link. 

The machine-side converter in a back-to-back converter 
operates to track the maximum power point, while the grid-
side inverter controls the active and reactive power sup-
plied to the grid. 

The supplied torque from the blade to the PMSG is cal-
culated in real time with a mathematical model that consid-
ers the tip speed ratio. The calculated torque for the real 
wind power system is scaled down for the 2 kW wind 
power system, and is sent to the vector drive for the induc-
tion motor through the communication link. 

The generated AC power with arbitrary frequency is 
converted into DC power through the machine-side con-
verter and is delivered to the 220 V grid through the grid-
side converter. 

The anemometer only measures the wind speed in the 
horizontal axis. However, the wind at the real blade is not 
horizontal and not uniform. Thus, the real blade has differ-
ent dynamic characteristics compared with the anemometer. 

 

 

3. System Modeling 
 

3.1 Aerodynamic Model of the Blade 
 
The aerodynamic power generated by wind can be de-

scribed in Eq. (1). 
 

 31
2wind windP A Vρ=         (1) 

 

where A is the circular area of the blade, ρ is the air density, 
and Vwind is the wind velocity. 

The kinetic power the blade generates from the wind is 
represented by Eq. (2), which is related to the power coef-
ficient Cp. 

 

 31
2blade wind pP A V Cρ=         (2) 

 

Thus, the blade kinetic power is proportional to the cu-
bic square of the wind velocity and the power coefficient. 

The power coefficient is a function of the tip speed ra-
tio λ , which means the ratio of the tangential blade tip 
speed to the wind speed represented by Eq. (3). 

 

+

PMSG
TR

Phase-
Looked

Loop

V pcc

MSC/GSC 
IGBT Gate Drive 

PWM Generation

Rotor Power Control (MPPT)
& References Generation

Crrent Loop 
PI Control

+
-

imqr
e*

idmr
e*

idmr
e

iqmr
e

DC-Link Voltage Control
& Grid Side Active Power/
Reactive Power Control

CT

PT

CT

Vga
Vgb
Vgc

-

iqgr
e*

idgr
e*

idgr
e

iqgr
e

? PT

Anemometer

AC-DC-AC Converter

Wind-turbine Simulator Wind Power PMSG System

Iga
Igb
Igc

torque
*

66

I M

Data logger

Vector drive
Control

Wind data
*

 
Fig. 1. Configuration of Proposed Hardware Simulator 
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λ =            (3) 

 
where bladeω  is the rotational speed of the blade, and 
Rblade is the radius of the rotor blade. 

The blade torque, Tblade, which is delivered to the genera-
tor, can be represented by Eq. (4).  

 

 blade
blade

blade

P
T

ω
=            (4) 

 
The power coefficient Cp varies according to the tip 

speed ratio and the pitch angle, as shown in Fig. 2. The 
power coefficient curve with respect to the tip speed ratio 
has the highest values at 0° of the pitch angle. At a given 
pitch angle, the power coefficient curve shows a peak value 
at a specific tip speed value, in which the maximum power 
can be extracted. [12-14] 

 

 
Fig. 2. Blade Power Coefficient Curve 

 
3.2 Kinetic Model of the Blade 

 
Detailed specifications of an actual wind turbine are re-

quired to develop a realistic simulator. The Nordex S70 
wind turbine was selected due to its easy data acquisition. 

 
Table 1. Nordex S70Wind Turbine Data 

Parameter Description 
Blade Radius [m] 34 

Nominal Wind Speed [m/s] 11.5 
Max. Power Coefficient 0.467828 
Max. Tip-Speed Ratio 8.5324 

Nominal Output Power [kW] 1,500 
Nominal Rotation Speed [rpm] 22.1155 

General  
Specifications 

Blade Weight [ton] 17.7 
Starting Pitch Angle [deg] 45 

Pitch Angle  
Control Pitch Angle [deg] 

Tip Speed Ratio 
45-40-30-20-0 
1.4-2.2-3.5-4.2 

Starting Wind Speed [m/s] 11.5 Pitch Angle 
Variation Pitch Variation Speed [deg/s] 4 

Fig. 3 shows the shape of the blade, which can be di-
vided into three sections. The center of the weight for each 
section is located one-third of the way from the central axis. 
The inertia can be calculated as follows. 

 
 2J mR=           (5) 

 
where m is the weight of the object and R is the radius of 
the object. 

 

 
Fig. 3. Blade Structure for Inertia Calculation 

 

The inertia value of each blade section can be calculated 
as follows: 

 

2 2
1

17.7 341000 (1 ) 202000[ ]
2 9

J kg m= × × + = ⋅  

2 2
2

17.7 34 341000 (1 ) 1531000[ ]
2 9 9

J kg m= × × + + = ⋅  

2 2
3

17.7 68 341000 (1 ) 2222000[ ]
2 3 9

J kg m= × × + + = ⋅  

 
Total blade inertia can be calculated as follows: 

 
2

1 2 3 3955000[ ]bladeJ J J J kg m= + + = ⋅  

 

 
(a) Case 1 : Blade-Generator  

 

 
(b) Case 2 : Motor-Generator  

Fig. 4. Weight for Blade Inertia Calculation 
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In the actual blade shown in Fig. 4(a), the blade torque 
bladeT can be represented by Eq. (6). 
 

 ( ) blade
blade B G g

d
T J J T

dt
ω

= + +         (6) 

 
Fig. 4(b) shows that an induction motor replaces the blade, 

where the motor torque TM can be represented by Eq. (7).  
 

 ( )M M G g
dT J J T
dt
ω

= + +         (7) 

 
Assuming that the dynamic characteristic of motor are 

the same as that of the blade, Eq. (8) can be derived from 
Eqs. (6) and (7), where bladeω ω= . 

 

 ( )M blade B M
dT T J J
dt
ω

= − −         (8) 

 

The motor inertia JM of the actual hardware can be neg-
ligible because it is much smaller than the blade inertia JG. 

 

 M blade B blade comp
dT T J T T
dt
ω

= − = −         (9) 

 
where Tcomp is the compensation value of the torque differ-
ence. 

 
3.3 Tower Effect 

 
As wind passes through the tower, wind speed decreases 

due to the resistance of the tower structure, which results in 
periodic output torque ripple called the “tower effect,” as 
shown in Fig. 5(a) [15]. This ripple is equal to the rota-
tional frequency multiplied by the number of blades. The 
shape and amount of the torque ripple depends on the char-
acteristic of the physical structures; thus, it is considered as 
a functional drop of ramp shape, as shown in Fig. 5(b). 

Torque Tblade means the torque delivered from the wind 
to the blade and Ttower means the torque ripple due to the 
tower effect. Thus, the actual delivered torque T’blade is 
expressed in (10). 

 
 ' (3 )blade blade towerT T T tω= −         (10) 

 
3.4 Turbine Simulator 

 
Fig. 6 shows the flow chart to calculate blade torque 

with respect to wind speed. The rotational speed of PMSG 
is converted to that of the blade through scaling, and the tip 
speed ratio is calculated with the wind speed and the radius 
of the blade. The power coefficient is calculated using the 
exponential function with respect to the tip speed ratio and 
the pitch angle. 

 
(a) Three-blade Wind Turbine 

 

 
(b) Ramp Shape Tower Effect 

Fig. 5. Torque ripple due to tower effect 
 
 

 
Fig. 6. Motor Torque Calculation Algorithm 
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Finally, the output power is calculated using Eq. (2), and 
the torque is calculated using Eq. (4). This value is cor-
rected by the torque ripple through the tower effect. The 
corrected torque is supplied to the vector drive for the in-
duction motor through the communication link, after being 
scaled down for the 2 kW PMSG. The scaled coefficients 
are shown in Table 2. 

 
Table 2. Scaling Parameter 

 1.5 MW System 2 kW Simulator Scaling 
n [rpm] 18.2925 1,200 65.6 
τ [N·m] 783,049.2862 15.915 49,200.44 
 
 

 
Fig. 7. Communication Algorithm for Torque Signal 

 
The measured wind data with the anemometer is sent to 

the data logger every 0.05 s. Torque calculation and correc-
tion are conducted in the data logger. The calculated torque 
is sent to the vector drive for the induction motor through 
the RS232 communication link. The refresh rate was set at 
25 ms, considering the communication delay and data 
transmission speed of 19,200 bps. 

When the communication starts between the data logger 
and the vector drive, the data logger receives the motor 
speed. If the motor speed exceeds the maximum limit value, 
the data logger executes the EMERGENCY algorithm to 
make the torque command zero. If the motor speed is 
smaller than the maximum limit value, the data logger 
sends out the torque command. 

 

3.5 Generator-side Converter Control 
 
Fig. 8 shows a detailed configuration of the generator-

side converter control. The reference signal for the maxi-
mum power point tracker (MPPT) control is generated as 
follows. The maximum blade power under the given wind 
speed can be obtained when the power coefficient Cp is 
maintained at 0.323 at 0° pitch angle, which is obtained by 
making the tip speed ratio equal to 5.01 for the wind tur-
bine of S70. The turbine speed is measured by an encoder. 
This value is compared with the reference value for track-
ing the maximum value of Cp. The error is used to deter-
mine the reference value of the d-component current 
through PI control. The reference value of the q-component 
current is set to zero for the unity power factor. 

An encoder is installed to obtain the phase-locked loop 
(PLL) signal for rotational d-q transformation. The three-
phase line current in the generator side is measured and 
sent to the current control block through the rotational d-q 
transformation. These values are compared with the previ-
ous reference values and passed through the current control 
block to obtain the d and q reference values of the con-
verter voltage. These values are sent to the pulse-width 
modulation (PWM) module to generate the gate pulses. 

 

 

Fig. 8. Generator-side Converter Control 
 

3.6 Grid-side Converter Control 
 
Fig. 9 shows a detailed control configuration of the grid-

side converter. It has a DC voltage control loop and the P, 
Q control using d-q transformation. The DC link voltage 
rises when the power from the generator is larger than the 
power supplied to the grid. It also decreases disproportion-
ally. The power from the generator is transferred entirely to 
the grid when the DC link voltage is maintained at a con-
stant value. The error signal is sent to the PI control to gen-
erate the reference current of real power. There is a feed-
forward current supplied from the generator side. The ref-
erence value of the d-component current is determined by 
these two components. The reference value of the q-
component is computed, dividing the reference value of Q 
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by the nominal value at the point of common connection.  
The three-phase voltage at the point of common connec-

tion is measured and sent to the PLL block and the rota-
tional d-q transformation block. The transformed values are 
sent to the current control block. The three-phase line cur-
rent in the grid side is measured and is sent to the current 
control block through the rotational d-q transformation. 
These values are compared with the previous reference 
values and are passed through the current control block to 
obtain the d and q reference values of the converter voltage. 
These values are sent to the PWM module to generate the 
gate pulses. 

 

 

Fig. 9. Grid-side Converter Control 
 
 

4. Computer Simulation 
 
A simulation model with the PSCAD/EMTDC software 

was developed based on the system configuration shown in 
Fig. 1. In this model, the torque generated by the Nordex 
S70 turbine is calculated and is scaled down for the 2 kW 
PMSG simulator. Major elements, such as PMSG, trans-
former, back-to-back converter, grid power source, and 
PWM pulse generator, are represented by built-in models. 
However, the wind turbine model and the digital controller 
are represented by user-defined models programmed with 
C-language. Table 3 shows the circuit parameters for the 
simulator and the simulation scenario is described in Table 
4, where the wind speed varies from 0 to 20 s. 

Fig. 10 shows the torque, output power, and angular 
speed generated by the blade of the 1.5 MW PMSG wind 
power generator. The blade power is about 1.5 MW when 
the wind speed is 13 [m/s], which is proportional to the 
cubic square of wind speed. The calculated torque and an-
gular speed are scaled down for the 2 kW PMSG wind 
power system. 

Fig. 11 shows the DC link voltage, the PMSG active-
power, and the grid active-power. The grid-side converter 
transmits the blade power to the grid. The maximum power 

Table 3. Circuit Parameters for Simulation Model 

Source Voltage 220 V 
Source Frequency 60 Hz 
Coupling Reactor 2.5 mH 

Rblade (Radius of Blade) 34 m 
Ρ 1.225 kg/m3 
Λ 5.01 
Cp 0.323 

Rated Generator Power 2 kW 
Rated rotor speed 1,200 rpm 
Poles of Generator 6 poles 

Transformer turn ratio 380 v : 380 v 
DC Link Capacitor 2,200 µF 

 
Table 4. Simulation Scenarios 

Simulation Time Wind Speed 
0 sec 7 m/sec 
4 sec 9 m/sec 
8 sec 11 m/sec 
12 sec 13.4 m/sec 
17 sec 10 m/sec 
21 sec 7 m/sec 
25 sec 8 m/sec 
29 sec 10 m/sec 

 

 
Fig. 10. Torque, Power, and Speed of Wind Velocity 

 

 
Fig. 11. Generator Active Power and Grid Active Power 
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transmitted to the grid is 2 kW when the maximum wind 
speed of 13 [m/s] occurs. 

Fig. 12 shows the variation of the active current Ide, the 
reactive current Iqe, and the power coefficient. The genera-
tor-side converter performs current control accurately to 
generate maximum power according to the variation of 
wind speed. 

 

 
Fig. 12. Generator-side Converter Control 

 
 

5. Hardware Simulator 
 
The hardware simulator shown in Fig. 13 was designed 

and was built based on the simulation results with 
PSCAD/EMTDC. The hardware simulator is composed of 
the anemometer, data logger, motor-generator, DSP con-
troller, and power converter. The technical specifications 
for the anemometer and data logger are described in Table 
5, while the circuit parameters for the power converter and 
motor-generator set are described in Table 6. 

 
 

 
Fig. 13. Hardware System Configuration 

Table 5. Technical Specifications of the Anemometer and 
Data Logger 

Speed Range 0–50 m/s 
Threshold Sensitivity 1.0 m/s 

Direction Range 360° 
Anemometer 

Accuracy 0.3 m/s, 3° 
Communication SCI 

Memory 2 MB SRAM 
Programming CR-Basic 

Measurement and control 
data-logger 

Protocol Pak-Bus network 
 

Table 6. Hardware Circuit Parameters 

Voltage 220 V Grid side 
Frequency 60 Hz 

Converter Power 20 kVA  
Inverter Power 20 kVA 
DC-Capacitor 3,700 µF 

Inverter-Converter 
set 

Switching Frequency 10 kHz 
Interconnection Reactor 2.5 mH 

Transformer Ratio 380:380 Interconnection 
Transformer Rated Power 20 kVA 

Rated Motor Power 7.5 Kw 
Rated Motor Speed 1,750 rpm 
Generator Power 3.7 kW 

MG-set 

Rated Generator Power 1200 rpm 
 
Fig. 14 shows that a maximum power of 1.5 MW is gen-

erated at a wind speed of 13 [m/s]. This maximum power 
of 1.5 MW is scaled to 2kW for the PMSG in the hardware 
simulator. The power coefficient Cp is maintained at 0.323. 

 

 
Fig. 14. Wind Velocity, rpmω , Blade Power, Blade Torque, 

and Cp 
 
Fig. 15 shows that the generator operates at the maxi-

mum power point using current control scheme. When the 
converter at the generator side performs current control 
against wind speed variation, the generator operates at the 
maximum power point. 

Fig. 16 shows the ide_mref, ide_m, iqe_m, and DC link voltage. 
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The DC link voltage is maintained as a constant value and 
the power factor is maintained as 1. 

 

 
Fig. 15. RPM reference for the MPPT, RPM ide_m, PMSG 

Active Power 
 

 
Fig. 16. ide_m, ide_mref, iqe_m, and DC-link Voltage 

 
 

6. Conclusion 
 

This paper describes a real-time hardware simulator for 
the grid-tied PMSG wind power system, which consists of 
the anemometer, data logger, motor-generator set with vec-
tor drive, and back-to-back power converter with DSP con-
troller. 

The anemometer measures the real wind speed, which is 
sent to the data logger to calculate the turbine torque. The 
calculated torque is sent to the vector drive for the induc-
tion motor after it is scaled down to the rated simulator 
power. The motor generates the mechanical power for the 
PMSG, and the generated electrical power is connected to 
the grid through a back-to-back converter. 

Previously developed hardware simulators calculate the 
turbine torque using the offline wind data. Thus, it is not 
possible to analyze the operational characteristics of the 
PMSG wind power system in real time. 

The developed simulator can be used to analyze various 
mechanical and electrical characteristics of grid-tied PMSG 

wind power systems in real time. Furthermore, the data 
generated from the current study can be utilized to educate 
students or engineers on the operation of grid-tied PMSG 
wind power system. 
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