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Abstract 

 

In the variable speed Wind Turbine based on ElectroMagnetic Coupler (WT-EMC), a synchronous generator is coupled directly 

to the grid. Therefore, like conventional power plants, WT-EMC is able to inherently support grid frequency. However, due to the 

reduced inertia of the synchronous generator, WT-EMC is expected to be controlled to increase its output power in response to a 

grid frequency drop to support grid frequency. Similar to the grid frequency support control of Type 3 or Type 4 wind turbine, 

inertial control and droop control can be used to calculate the WT-EMC additional output power reference according to the 

synchronous generator speed. In this paper, an experimental platform is built to study the grid frequency support from WT-EMC 

with inertial control and droop control. Two synchronous generators, driven by two induction motors controlled by two converters, 

are used to emulate the synchronous generators in conventional power plants and in WT-EMCs respectively. The effectiveness of 

the grid frequency support from WT-EMC with inertial control and droop control responding to a grid frequency drop is validated 

by experimental results. The selection of the grid frequency support controller and its gain for WT-EMC is analyzed briefly. 

 

Key words: Droop control, Experimental platform, Frequency support, Inertial control, Synchronous generator, Variable speed 

wind turbine 

 

I. INTRODUCTION 

Nowadays grid frequency is stabilized by the synchronous 

generators in conventional power plants [1]. When a power 

imbalance occurs in the grid, such as a sudden load change, 

the synchronous generator electromagnetic torque changes 

instantaneously. This leads to a mismatch between the 

mechanical torque and electromagnetic torque of the 

synchronous generator, and the synchronous generator speed 

and kinetic energy stored in the rotor change. The change of 

kinetic energy limits the rate of change of frequency (ROCOF). 

The ROCOF value is determined by the system inertia, which 

is the sum of all synchronous generator inertia. The lower the 

system inertia, the higher the ROCOF value after a power 

imbalance [2]. In a conventional power plant, the speed error 

signal between the measured generator speed and its reference 

speed is amplified and integrated to generate a control signal, 

which actuates the main steam supply valves in a steam turbine, 

or the gates in a hydraulic turbine. As a result, the synchronous 

generator mechanical torque changes at a slow rate due to the 

large rotor inertia, which leads to decayed changes of the 

synchronous generator speed and grid frequency [3]. 

The worldwide concern about the environment has led to the 

rapid development of wind energy. Wind turbine technology 

has developed from constant-speed constant-frequency to 

Variable-Speed Constant-Frequency (VSCF). The rotor speed 

is regulated with the wind speed change for VSCF wind 

turbines to achieve the maximum wind power capture [4], [5]. 

Type 3 (with a doubly fed asynchronous generator) and Type 4 

(with a full scale power converter) wind turbines are widely 

used as VSCF wind turbines [6]. For these turbines, the use of 

power electronic converter (partially) decouples the generator 

speed and grid frequency, resulting in reductions of the power 

system inertia [7], [8]. Reduced system inertia is a particular 
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concern to transmission system operators, especially in areas 

where a large number of synchronous generators are displaced 

by VSCF wind turbines. Therefore, for VSCF wind turbines, 

supplementary power is expected to be generated in response 

to grid frequency drops to support the grid frequency [9]. 

During grid frequency support for Type 3 and Type 4 wind 

turbines, the additional power reference is calculated based on 

the measured grid frequency, mainly in two ways: inertial 

control and droop control [10]-[12]. The additional power is 

calculated according to the grid frequency derivative df/dt in 

the first method, and according to the grid frequency deviation 

from the nominal value in the second method [13], [14]. 

A novel VSCF wind turbine—variable speed Wind 

Turbine based on ElectroMagnetic Coupler (WT-EMC) was 

proposed in [15]. A synchronous generator is coupled to the 

grid directly and an ElectroMagnetic Coupling speed 

regulating Device (EMCD) is used to connect the gearbox 

high speed shaft and the synchronous generator rotor shaft, to 

transmit captured wind power to the synchronous generator. 

Compared with Type 3 and Type 4 wind turbines, the 

synchronous generator is directly coupled to the grid in 

WT-EMC, which makes this wind turbine have better 

capabilities in terms of transient overload, fault ride-through 

and grid voltage support in the aspect of grid voltage control, 

as verified in [16]. It also has better inherent grid frequency 

support capability in terms of grid frequency support, as 

verified in [17]. However, the electromagnetic coupler 

decouples the synchronous generator side and gearbox side of 

the drive train, which results in a limited inherent grid 

frequency support capability that needs to be enhanced. 

Therefore, WT-EMC is expected to be controlled to generate 

additional power in response to a grid frequency drop to 

support the grid frequency. For WT-EMC, the synchronous 

generator speed is more stable than the grid frequency which 

is used in the grid frequency support controller for Type 3 

and Type 4 wind turbines. Thus, it is used as the input signal 

to calculate the additional power reference during grid 

frequency support. The existence of the WT-EMC inherent 

grid frequency support capability and the effectiveness of the 

two designed controllers (inertial controller and droop 

controller) are confirmed with the simulation results in [17]. 

In this paper, an experimental platform is built to study the 

grid frequency support from WT-EMC. Two synchronous 

generators driven by two induction motors are used to emulate 

the synchronous generators in conventional power plants and 

WT-EMCs respectively. The two induction motors are 

controlled by two converters, whose torque commands are 

calculated for the corresponding control. The main contributions 

in this paper are presented below. The effectiveness of the grid 

frequency support from WT-EMC with two controllers 

responding to a grid frequency drop, implemented by 

connecting a new load is validated with experimental results. 

The improvement in the grid frequency from WT-EMC with 

the inertial controller and droop controller is compared. The 

selection of the grid frequency support controller and its gain 

for WT-EMC is analyzed based on experimental results. A 

wind farm consisting of WT-EMCs with a supplementary grid 

frequency support controller is expected to contribute to grid 

inertia similarly to the synchronous generator in a conventional 

power plant with a similar rating. 

The rest of the paper is organized as follows. Section II 

briefly introduces WT-EMC and its grid frequency support 

controllers: inertial controller and droop controller. Section III 

describes the experimental platform built in terms of its 

hardware and software in detail. Section IV presents the 

experiments and experimental results. Section V concludes the 

analysis. 

 

II. WT-EMC AND ITS FREQUENCY SUPPORT 

CONTROLLER 

 

In WT-EMC, an EMCD is used to connect the gearbox 

high speed shaft and the synchronous generator rotor shaft, 

and to transmit the captured wind power to the synchronous 

generator. The structure of the EMCD currently used is 

shown in Fig. 1. It is composed of an electromagnetic coupler 

and a converter. The electromagnetic coupler is essentially a 

squirrel cage induction motor. Unlike a common one with 

only one revolving shaft, the two shafts of the 

electromagnetic coupler rotate. The converter is used to 

control the relative speed between the two shafts and the 

electromagnetic torque of the electromagnetic coupler. The 

back shaft speed is always higher than the front shaft speed in 

WT-EMC. Only a one quadrant operation converter with only 

1/6 of the wind turbine rated capacity is needed [18]. The 

mechanical torque of the synchronous generator in WT-EMC 

is applied by the converter. Therefore, a quick change of the 

mechanical torque on the synchronous generator rotor can be 

achieved and it is highly controllable, which is different from 

the synchronous generators used in conventional power 

plants [19]. A 1.5 MW experimental platform whose drive 

train is composed of an induction motor used to emulate 

blades and a gearbox, an electromagnetic coupler and a 

synchronous generator was built. From the experimental 

results it can be observed that WT-EMC can operate 

normally under various operating conditions. The EMCD 

transmission efficiency is high. It can reach up to 98% at the 

rated condition [20]. For the electromagnetic coupler built, 

the length is 2.5 m and the weight is 6.5 tons. According to 

preliminary calculations, the cost of a 1.5 MW WT-EMC is 

similar to that of a Type 3 wind turbine with the same power 

rating. 

The WT-EMC structure and its control are illustrated in 

detail in Fig. 2. During normal operation, the converter torque 

command T* is calculated with the front shaft speed ωf and 

the predefined wind turbine optimal torque-speed curve to  
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Fig. 1. Schematic diagram of the EMCD structure. 

 

achieve the maximum wind power capture. In the de-load 

mode, T* is calculated according to the WT-EMC output 

power command from wind farm [21]. When a power 

imbalance occurs and leads to changes of the synchronous 

generator speed and grid frequency, the converter torque 

command calculation is switched to the grid frequency 

support mode. During grid frequency support, the torque 

command is calculated with controllers designed to regulate 

the output power of WT-EMC so as to improve the grid 

frequency dynamic characteristic. Once the grid frequency 

support finishes, the torque command calculation is switched 

back to the normal mode and WT-EMC returns to the original 

operation mode. A pitch controller is used to reduce the 

power imbalance between the captured wind power and the 

output electrical power of WT-EMC. 

For Type 3 and Type 4 wind turbines, the grid frequency is 

the input signal of the frequency support controller. This 

raises some challenges, because the calculation of the grid 

frequency is sensitive to grid harmonics and disturbances. In 

the case of WT-EMC, the synchronous generator speed is 

synchronous to the grid frequency, offering a far more stable 

and accurately measured reference as the input signal of the 

grid frequency support controller. This is an important 

advantage that WT-EMC has compared with Type 3 and 

Type 4 wind turbines. Therefore, the back shaft speed ωb 

(synchronous generator speed in WT-EMC) is used as the 

input signal of the grid frequency support controller for 

WT-EMC. An inertial controller or droop controller is used 

for grid frequency support based on the back shaft speed.  

 

A. Inertial Controller 

In a conventional power plant, the kinetic energy of the 

synchronous generator rotor is immediately released once the 

grid frequency drops. The kinetic energy E stored in the rotor 

is expressed as: 

 21

2
m

E Jω=  (1)

where ωm is the generator speed and J is the moment of 

inertia. The power P, extracted from the rotating rotor, is [1]: 

 m

m

ddE
P J
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ω
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The inertia constant H is defined as: 
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where ωs is the synchronous speed and S is the generator 

rated apparent power. The per-unit value of the power P  

can be calculated as [22]: 
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where ω
m
 is the per-unit value of the generator speed. 

During grid frequency support, the WT-EMC additional 

power reference Δ
in
P  is calculated with an inertial 

controller according to the per-unit value of the back shaft 

speed ω
b
. This can be expressed as: 

 b

in in b

d
P K

dt

ω

ωΔ =  (5)

where Kin is the inertial controller gain which is analogous to 

2H. 

B. Droop Controller 

In a conventional power plant, a governor with the droop 

characteristic is widely used to share the load change for 

synchronous generators in proportion to their ratings [3]. The 

droop characteristic is illustrated as [11]: 

 P
R

ωΔ
Δ =   (6)

where ΔP  and ωΔ  are the per-unit values of the 

synchronous generator power change and its speed change 

respectively. R is the droop. During grid frequency support, 

the WT-EMC additional power reference Δ
dr
P  is calculated 

with a droop controller according to ω
b
, which is expressed 

as [17]: 

 ( 1)
dr dr b
P K ωΔ = −  (7)

where Kdr is the droop controller gain. 

 

III. INTRODUCTION OF THE EXPERIMENTAL 

PLATFORM 

An isolated grid experimental platform is built to validate 

the effectiveness of the grid frequency support from 

WT-EMC with an inertial controller or droop controller 

above. The structure of the experimental platform is shown in 

Fig. 3. The isolated grid is composed of resistive loads and 

two power sources: Synchronous Generator1 (SG1) and 

Synchronous Generator2 (SG2). Load1 (L1) is selected as 3 

kW (three phases, 1 kW per phase when the line-line supply 

voltage is 380 V). Load2 (L2) is 660 W (three phases, 220 W 

per phase when the line-line supply voltage is 380 V). The 

rated capacities of SG1 and SG2 are 30 kW and 7.5 kW 

respectively. SG1 and SG2 are both brushless excitation 4  
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Fig. 2. WT-EMC structure and control. 

 

pole synchronous generators. Their rated voltages are both 

380 V and their rated speeds are both 1500 rpm. Two 

automatic voltage regulators are equipped for SG1 and SG2 

to stabilize their terminal voltages. SG1 is driven by 

Induction Motor1 (IM1) which is controlled by Converter1. 

SG2 is driven by Induction Motor2 (IM2) which is controlled 

by Converter2. Converter1 and Converter2 are both supplied 

from the grid. SG1 is used to emulate the synchronous 

generators in conventional power plants, whose speed 

governor characteristics are emulated with changes of 

Converter1 torque command according to SG1 speed. 

Because a synchronous generator is directly coupled with the 

grid and its mechanical torque is applied by a converter for 

WT-EMC, which is also true for SG2 (directly coupled with 

the isolated grid, whose mechanical torque is applied by 

Converter2), SG2 is used to emulate the synchronous 

generators in WT-EMCs. Power Measurement module1 

(PM1) and Power Measurement module2 (PM2) are used to 

measure the active powers where they are placed 

(measurements for the total power consumed by the loads and 

SG2 output power respectively). A synchronizing device is 

used to finish SG2 connection to the isolated grid. 

The software of the experimental platform built is mainly 

composed of a Human Machine Interface (HMI), a 

communication program between a computer and different 

devices, like converters and power measurement modules, 

and a data storage program. LabVIEW is used to develop the  
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Converter2
Induction

motor2
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Grid
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Switch
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Fig. 3. Structure of the experimental platform built. 

 

HMI, where the operating conditions of devices can be 

displayed and experiments can be programmed and 

controlled [23]. The communication between different 

devices and a computer is achieved with RS-485 and the 

Modbus RTU protocol. A photo of the experimental platform 

built is shown in Fig. 4. The solid lines indicate the actual 

three phase wires. Dotted arrows are used to show the names 

of the devices. 

 

IV. EXPERIMENTAL RESULTS 

SG1 droop control (SG1 input power and its speed meet the 

designed droop relationship) is implemented via the torque  
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Fig. 4. Photo of the experimental platform built. 

 

command regulation of Converter1. The first experiment is 

designed to validate the effectiveness of the SG1 droop 

control and to analyze the isolated grid frequency drop after a 

load change. 

Then, experiments are done to validate the effectiveness of 

the grid frequency support from WT-EMC with an inertial 

controller or droop controller. Firstly, the control modes of 

Converter1 and Converter2 are both set speed control modes. 

With a gradual change of the speed command from 0 to 1500 

rpm for Converter1 and Converter2, SG1 and SG2 are 

controlled to gradually accelerate to 1500 rpm. Then, Load1 

is connected to be fed by SG1. The Converter2 speed 

command is adjusted dynamically according to the speed 

regulation indicator of the synchronizing device. Once the 

voltage difference and phase difference measured between 

SG1 and SG2 are within allowable ranges, the grid 

connection switch, inside the synchronizing device in Fig. 4, 

is automatically closed and the control mode of Converter2 is 

immediately switched from the speed control mode to the 

torque control mode. Then, the Converter2 torque command 

is increased gradually to increase the SG2 output power to 

1/5 of the power consumed by Load1 so the output power 

ratio between SG1 and SG2 is 4:1. This is the same ratio as 

their rated capacities ratio. Then, the Converter1 control 

mode is switched to the torque control mode and its initial 

torque command is set to the steady torque value before its 

control mode switch. The isolated grid frequency is 50 Hz 

and the line-line voltage is then 380 V. A droop whose value 

is 1.11, which is much higher than the one used in 

conventional power plants, is implemented to calculate the 

Converter1 torque command. This is because the employed 

high droop value can avoid the SG1 speed divergent 

oscillation and improve system stability. At last, Load2 is 

connected to the isolated grid with the switch at 10 s. The 

SG2 mechanical torque is calculated with an inertial 

controller or droop controller, and applied via the torque 

command regulation of Converter2.  

If WT-EMC operates in the de-load mode with enough 

power reserve, the additional power generated is from the  
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Fig. 5. SG1 speed. 

 

increased wind power captured with a decrease in the pitch 

angle, and the rotor speed can be kept almost constant during 

grid frequency support. Therefore, after the grid frequency 

support, WT-EMC output power is controlled to gradually 

reduce to its original value, and there is no period when its 

output power is lower than its original value to make the rotor 

accelerate. In order to focus on the grid frequency dynamic 

characteristic improvement with an inertial controller or 

droop controller, SG2 is controlled to increase its output 

power during grid frequency support with the controller and 

then to gradually reduce its output power to its original value. 

This emulates that WT-EMC operates in the de-load mode 

with enough power reserve. Experimental results are 

presented below.  

 

A. One Synchronous Generator Response to a Load Change 

In the first experiment, SG2 is not connected to the isolated 

grid and Load1 is only fed by SG1. Then, Load2 is connected 

at 10 s. The SG1 speed characteristic for different Load2 

resistance values R is shown in Fig. 5. It can be seen that the 

larger the Load2 (the smaller resistance value R) that is 

connected, the worse characteristic of the isolated grid 

frequency that is proportional to the SG1 speed becomes in 

terms of the frequency nadir and ROCOF. 

The corresponding SG1 output power and Converter1 

torque (command value and actual value) are shown in Fig. 6 

and 7 respectively. In Fig. 7, the Converter1 torque command 

and the actual torque applied are displayed by the black 

curves and gray curves respectively. In this experiment, the 

isolated grid voltage is almost constant due to the SG1 

automatic voltage regulator, except for the period when the 

frequency nadir occurs with R=110Ω  in Fig. 5, due to the 

too low SG1 speed. When the voltage is almost constant, the 

connection of Load2 leads to a sudden increase of the SG1 

output power and the SG1 output power increase is equal to 

the power consumed by Load2. The larger the Load2 that is 

connected, the higher SG1 output power increases, as shown 

in Fig. 6. This results in a higher power imbalance between 

the SG1 input mechanical power and its output electrical 

power. The SG1 power imbalance leads to a decline in the 

SG1 speed (isolated grid frequency), and the Converter1  
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Fig. 6. SG1 output power. 
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Fig. 7. Converter1 torque command and actual torque applied. 

 

torque command is increased with the droop designed, as 

shown in Fig. 7. The LabVIEW program execution time, the 

communication time between the computer and Converter1, 

and the Converter1 torque response time result in a time 

delay between the Converter1 torque command and the actual 

mechanical torque applied on SG1. As a result, the governor 

characteristic in conventional power plants is successfully 

emulated. 

 

B. Inertial Controller 

The SG2 speed ω is used as the inertial controller input 

signal. The additional power reference ΔP is calculated 

below: 

 
1960

K d
P

dt

ω

ωΔ =  (8)

The SG1 speed, which is proportional to the isolated grid 

frequency, is shown in Fig. 8 when an inertial controller with 

different gains K is used. The gray solid curve is the speed 

when the SG2 input power is kept constant. This emulates the 

WT-EMC normal operation without an additional grid 

frequency support controller. The speed curves are illustrated 

by the gray dashed, black dotted and black solid curves with 

different gain values K when an inertial controller is used. 

The corresponding mechanical torque on SG2, which is 

applied by Converter2, the SG2 output power and the SG1 

output power are shown in Fig. 9, 10 and 11 respectively. 

During grid frequency support, the SG2 additional power 

reference is calculated according to equation (8) with an  
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Fig. 8. SG1 speed. 
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Fig. 9. Torque on SG2 applied by Converter2. 
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Fig. 10. SG2 output power. 
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Fig. 11. SG1 output power. 

 

inertial controller. SG2 is controlled to increase its output 

power via an increase of the mechanical torque on SG2 

applied by Converter2, which can be seen in Fig. 9 and 10. 

The increase of the SG2 output power reduces the SG1 output 

power change and the SG1 power imbalance between its  
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Fig. 13. Torque on SG2 applied by Converter2. 

 

input mechanical power and output electrical power, as 

shown in Fig. 11. Therefore, the dynamic characteristic of the 

SG1 speed (isolated grid frequency) is improved. From Fig.

8, 9, 10 and 11, it can be seen that the higher K is used, the

higher the SG2 output power and the lower the SG1 output

power and power imbalance can be achieved. This results in a

better improvement of the frequency dynamic characteristic,

especially the frequency nadir. 

 

C. Droop Controller 

The additional power reference ΔP is calculated below

with a droop controller. 

(1500 )
1960

K
P ωΔ = −     (9) 

The SG1 speed for different gains K in the droop controller 

is shown in Fig. 12. The corresponding mechanical torque on 

SG2, which is applied by Converter2, the SG2 output power 

and the SG1 output power are shown in Fig. 13, 14 and 15 

respectively. The grid frequency support period is set to 20 s. 

During grid frequency support, the SG2 additional power 

reference is calculated according to equation (9) with a droop 

controller. The higher the gain K that is used, the higher the 

SG2 output power, the lower the SG1 output power and the 

better the improvement of the isolated grid frequency 

(proportional to SG1 speed in Fig. 12) dynamic characteristic. 

In particular, the frequency nadir can be achieved. After the 

grid frequency support (after 30 s), SG2 is controlled to 

reduce its output power to its original value gradually via a 

gradual decrease of the mechanical torque on SG2, which is 

applied by Converter2, as shown in Fig. 13. Then, in order to 
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Fig. 14. SG2 output power. 
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Fig. 15. SG1 output power. 

 

keep the SG2 output power almost constant, the mechanical 

torque on SG2 applied by Converter2 is controlled to change 

according to the SG2 speed, as shown by the torque 

oscillation after 33 s in Fig. 13. However, the stable operation 

of the isolated grid is not affected. 

The isolated grid inertia is very small, since only the rotors 

of IM1, SG1, IM2 and SG2 contribute to it. Therefore, its 

frequency drops very fast after the connection of Load2 in the 

experiments above. It can be seen that from 10 s to about 12 s 

the isolated grid frequency, proportional to the SG1 speed 

shown by the gray solid curves in Fig. 8 and 12, drops 

because of the power imbalance. Although the time for the 

SG2 output power change (about 2 s) is very short, the 

experimental results show that SG2 has been controlled to 

generate additional power fast enough to successfully support 

the grid frequency with the two controllers, resulting in an 

obvious improvement of the frequency nadir and a marginal 

improvement of the ROCOF. Therefore, in a real grid whose 

inertia is much higher than the one of the isolated grid built, 

more time is left for the WT-EMC output power change and 

an inertial controller or droop controller can be used for 

WT-EMC to generate additional power in response to a grid 

frequency drop. 

Overall, it can be seen from the above experimental results 

that the effectiveness of grid frequency support from 

WT-EMC with an inertial controller and droop controller has 

been validated. Responding to a grid frequency drop, an 

increase of the WT-EMC output power with the two 

controllers reduces the synchronous generator output power 
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change and the power imbalance between the input mechanical 

power and the output electrical power in conventional power 

plants. Therefore, the dynamic characteristics of the 

synchronous generator speed and grid frequency are 

improved. From a comparison of the obtained experimental 

results with the two controllers based on the built isolated 

grid, it can be seen that the frequency oscillates less and 

reaches its steady value faster with the inertial controller after 

a new load connection. The output power change with the 

inertial controller is less than that with the droop controller 

for a similar improvement of the frequency nadir. One or 

both of the two controllers can be used to support the grid 

frequency. The selection of the two controllers and their gains 

should be done in accordance with the grid characteristic, 

wind speed, impact on the wind turbine structural loads, etc.  

 

V.  CONCLUSIONS 

WT-EMC has inherent grid frequency support capability 

due to the fact that its synchronous generator is directly 

coupled to the grid. Nevertheless, the WT-EMC drive train 

structure leads to its small inertia when compared with 

conventional power plants. Therefore, WT-EMC is expected 

to be controlled to increase its output power to improve the 

frequency dynamic characteristic when the grid frequency 

drops. Inertial and droop controllers are used to calculate the 

additional power reference during the grid frequency support 

according to the synchronous generator speed in WT-EMC. 

An experimental platform has been built to validate the 

effectiveness of the WT-EMC inertial controller and droop 

controller for grid frequency support. Experimental results 

have shown that an increase of the WT-EMC output power 

with an inertial controller or droop controller reduces the 

synchronous generator output power change and the power 

imbalance between its input mechanical power and output 

electrical power in conventional power plants. This results in 

the dynamic characteristic improvements of the synchronous 

generator speed and grid frequency. Therefore, the 

introduction of WT-EMC does not reduce the grid inertia, as 

long as additional controllers such as an inertial controller or 

droop controller are implemented on it.  
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