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Abstract – The electrically excited synchronous generator (EESG) is applied in wind turbine systems 
recently. In an EESG control system, electrical torque is affected by stator flux and rotor current. So 
the control system is more complicated than that of the permanent-magnet synchronous generator 
(PMSG). Thus, the higher demanding of the control system is required especially in case of wind 
turbine mechanical resonance. In this paper, the mechanism of rotor speed resonant phenomenon is 
introduced from the viewpoint of mechanics firstly, and the characteristics of an effective damping 
torque are illustrated through system eigenvalues analysis. Considering the variables are tightly 
coupled, the four-order small signal equation for torque is derived considering stator and rotor control 
systems with regulators, and the bode plot of the closed loop transfer function is analyzed. According 
to the four-order mathematical equation, the stator flux, stator current, and electrical torque responses 
are derived by torque reference step and ramp in MATLAB from a pure mathematical deduction, 
which is identical with the responses in PSCAD/EMTDC simulation results. At last, the simulation 
studies are carried out in PSCAD software package to verify the resonant damping control strategy 
used in the EESG wind turbine system. 
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1. Introduction 
 
2015 is a great year for wind power industry, with 44% 

annual market growth. More than 51GW of new wind 
power capacity was brought on line in 2014, a sharp rise in 
comparison to 2013, when global installations were just 
over 35.6GW. The previous record was set in 2012 when 
over 45 GW of new capacity was installed globally [1, 2]. 

The variable-speed wind turbine is the most popular 
turbine type in the market for its good performance on 
wind energy capturing [3]. There are two major types of 
variable-speed wind turbines, the doubly-fed induction 
generator (DFIG) and the synchronous wind turbine. Both 
of them can realize the decoupling control between active 
power and reactive power. The most advantage of the 
DFIG is the low cost of the electrical converter for the 
rotor converter which only deals with approximately 30% 
of the total power. At the end of 2010, this topology has a 
fraction of the wind-energy market, which is close to 50% 
[4]. But the disadvantages of the DFIG attract more and 
more attention recently, for instance, the DFIG is easily 
influenced by grid faults for the stator windings are directly 
connected to the grid. Another drawback is the high 
maintenance cost of the gearbox, which has the longest 

downtime compared to the other components and is found 
to be the most critical component causing failures in wind 
turbine generator systems [5].  

The synchronous wind turbine system provides full 
decoupling between the generator and the grid by a full-
power back-to-back converter, which results in higher 
power capture at different wind speeds and enhanced 
capability to fulfill the low voltage ride through requirement. 
There are two kinds of synchronous generators: permanent-
magnet synchronous generator (PMSG) and electrically 
excited synchronous generator (EESG), and the former has 
a comparatively large share of the market. The EESG is 
interesting since the price of rare-earth rises which is the 
core material of the PMSG [6]. The rotor excitation of the 
EESG can be flexibly regulated and the terminal voltage 
can be adjusted to a reasonable range. So this kind of 
synchronous generators attracts wind turbine manufactures, 
and many multi-MW EESGs are available in the market [7]. 

From the view of mechanics, the wind turbine system 
consists of three parts: turbine rotor, shaft and generator. 
Thus, it can be treated as a multi-mass mechanical system. 
Mechanical torque produced by wind acts on the turbine 
rotor then it is delivered to the generator though the shaft 
system. During the ideal state, the input mechanical torque 
is balanced by the opposing electromagnetic torque, and 
the three parts rotate with the same angular speed. 
However, for a multi-mass mechanical system, the problem 
of mechanical resonance is inherent and discussed by many 
researchers. Salman [8] proposed that the multi-mass 
model had a more convincing simulation result than the 
lumped model. Oversimplification of the modeling of the 
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windmill mechanical drive train could introduce significant 
error in the value of critical clearing time that defines the 
stability limit of an integrated wind farm. Mandic [9] 
pointed that both the direct drive wind turbine and the 
gearbox-based drive train wind turbine had the problem of 
torsional deformations caused by the flexible mechanical 
coupling between the generator shaft and the turbine rotor. 
Refs [10] and [11] analyzed the effective shaft stiffness of 
the direct drive wind turbine. Although the stiffness of the 
shaft in the direct drive wind turbine is relative high 
compared to that in the gear-box based wind turbine with a 
longer shaft. The phenomenon of mechanical resonance 
is still significant: a small mechanical angle deviation in 
the rotor leads to a large electrical angle deviation in the 
generator, the shaft shows a “softer” characteristic. 

The methods of preventing mechanical resonance have 
also been published in many papers. In [10], a popular way 
was mentioned that the damping rubber was mounted on 
the drive train shaft. The disadvantage of this way is costly 
and requires additional installation space on the drive train 
shaft. In [12], the rotation speed feedback algorithm is 
introduced to reduce the speed variation of the generator. 
Akhmatov [13] indicated that the pitch control method was 
not suitable to prevent mechanical resonance because its 
bandwidth was much lower, and the effective method was 
to utilize the electromagnetic torque. Hua Geng [14] 
compared the mechanical damping performances of three 
power control strategies for the PMSG. Unlike power 
smoothing control and constant power control, the maximal 
power point tracking control using the power signal 
feedback algorithm [15] implemented in the generator 
side has inherent abilities on the oscillation damping. 
Summarizing the above methods, there is one common 
idea to suppress the resonance that is to add an active 
damping torque which magnitude is proportional to the 
resonant signal. And the resonant signal is picked up from 
the rotation speed by a band-pass filter. However, the 
objects studied above are all PMSGs, the research based 
on the EESG is rare mentioned in published. The 
electromagnetic torque which is generated by the interaction 
between the flux linkages produced by rotor and three-
phase stator currents is the key point to solve the problem. 
In the PMSG control system, torque control is well 
satisfied by regulating the stator current without considering 
the rotor flux because the magnetic field intensity of the 
rotor permanent magnet is constant. Unlike PMSGs, there 
are two variables affecting the torque control of EESGs, 
one of which is varied associated with the rotor current. 
The control system of EESGs is more complex than that 
of PMSGs, in plain terms, the variables associated with 
the torque are mutual coupled, the mechanism of the 
whole torque control system is difficult to be analyzed. 
Considering that the variables are tightly coupled, the small 
signal method [16, 17] is used to analyze the characteristics 
of the electrical torque for verifying the damping torque 
strategy applied to EESGs in this paper.  

In section 2, wind turbine shafting system resonance is 
analyzed based on a two-mass model. In section 3, the 
model of the EESG under the MT coordinates has been 
deduced from the one of the EESG in the basic dq-rotation 
frame. In section 4, The four-order small signal equation 
of torque is derived considering stator and rotor control 
parameters, and the closed loop transfer function 
characteristics of torque are analyzed. In Section 5, the 
simulation studies of the EESG wind turbine are carried 
out in PSCAD software package to verify the system 
model and the effectiveness of resonance damping control 
strategy. 

 
 

2. Mechanical Model of Wind Turbine and 
Damping Torque Analysis 

 
2.1 The model of wind turbine drive train 

 
As mentioned in the introduction, the wind turbine can 

be equivalent to a multi-mass mechanical system, a two-
mass model is adopted to reflect the mechanical 
characteristics of the EESG, for its rotor and generator are 
directly connected by a short shaft. The equations for the 
two-mass model is shown below:  
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Where hw , and rw  are the rotational speed of the wind 
turbine and generator, respectively; Jh and Jg are the 
turbine and generator intertie, respectively; Tm and Te are 
the turbine mechanical torque and generator electro-
magnetic torque, respectively; K is the shaft stiffness; q  
is the electrical angle of the shaft, assuming the rotor with 
one pair of poles. 

The mechanical resonant frequency with the range from 
0.1Hz to 10 Hz [18] is expressed as 
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where rew , is the mechanical resonant frequency. 

 
2.2 Mechanism of damping torque 

 
In order to have a deep insight in mechanism of 

mechanical resonance, the small signal analysis is used in 
this section. For a simplified analysis, the wind speed is 
supposed to be constant, the mechanical torque acted on 
the wind turbine rotor is unchanged and neglecting the 
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effect of blade pitch control. Rewrite Eq. (1) into small 
signal increment equations:  
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where hwD  and rwD  are wind turbine rotational speed 
increment and generator rotational speed increment, 
respectively. ∆q  is the electrical angle increment of the 
shaft; ∆Te is the electromagnetic torque increment. 

From Eq. (3), the magnitude plot of /r eTwD D  is 
depicted in Fig. 1. The mechanical parameters are given 
in appendix. There is a large peak at the point with the 
angular frequency of 12.56 rad/s in Fig. 1. This means that 
the rotation speed of the rotor has a very high gain 
response to the electromagnetic torque at that frequency 
point, and the generator speed is expected to oscillate at 
12.56 rad/s when the electromagnetic torque changes. 

Adding an electromagnetic torque to the generator is 
proposed to damp the above large peak. The particular 
active damping torque can be got by a band-pass filter with 
the same band-pass frequency as the mechanical resonant 
frequency:  

 
 ( ) ( ) ( )p band pass rT s G s sw-=  (4) 
 
where TP is damping torque; Gband-pass is band-pass filter 
with the transfer function:  
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The small signal equation of the system with a damping 

torque added is deduced as 
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where ∆y1 and ∆y2 are intermediate variables. 

From Eq. (5), kt is a single variable and K, Jh, Jg, ωre, z 
are constant parameters, the system eigenvalue locus is 
shown in Fig. 2. 

From Fig. 2, when kt is zero (no damping torque added), 
there is a pair of eigenvalue roots located on the imaginary 
axis, and the system is in an unstable state. When kt 
increases above zero (normal damping torque added), the 
roots trajectory moves toward left, the system is stable. 
However, if kt continually increases, the roots trajectory 
moves to the imaginary axis again and another pair of 
eigenvalue roots move to up and down respectively. This 
means the system has an insufficient damping. When kt 
decreases under zero (the torque has a 180 degree shift 
compared to normal damping torque), the roots located at 
the right half of the complex plane, the system is unstable. 
So the system can be well damped if the electrical torque 
traces the damping torque reference with a little phase shift. 

 
 

3. Modeling of Electrically Excited Synchronous 
Generator 

 
An EESG wind turbine system as shown in Fig. 3 

consists of five main parts: wind turbine, EESG, back-to-
back converter, rotor excitation, and transformer.  

Although in dq-rotation frame [19], the basic torque 
control is straightforward, the advanced control strategies, 
such as keeping the terminal voltage of the stator constant 

 
Fig. 1. Magnitude plot of the wind turbine mechanical 

system 

 
Fig. 2. System eigenvalues curves versus kt 

 
Fig. 3. EESG wind turbine system 
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and unity power factor operation, are implemented 
complexly. These requirements are very important for the 
parameters of a full-power converter can be optimally 
designed. So another model of the EESG based on the 
stator flux orientation is an alyzed as follows. 

In the stator flux oriented frame, we have the following 
definitions: the rotation speed of the frame is the same as 
that of the stator flux, the M axis is coincided with the 
stator flux, the T axis lags the M axis 90 degree as shown 
in Fig. 4, so the stator flux has zero component in the T 
axis.  

As defined above, the difference angle between the M 
axis and d axis is the torque angle, the rotation speed of the 
M axis is expressed as  

 

 sm r
d
dt
dw w= -   (6) 

 
Other variables can be transformed by the following 

matrix which is deduced through the geometric relationship 
of two rotation frames. 
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where fds and fqs are the components at the dq axis. fsm and 
fst are the components at the MT axis. 

For a simple analysis, the flux equation of the cylindrical 
rotor EESG based on the stator flux oriented frame is 
deduced assuming Ld =Lq : 
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Considering that the M axis is coincide with stator flux, 

the electrical torque can be expressed as  
 

 e st smT i y=   (9) 

From (9), the electrical torque only depends on the 
stator current ist when ψsm is kept constant. However, 
reviewing (8), when the stator current ist has a little 
increment and the rotor current if has no change, the torque 
angular increase for ψst must be zero in the stator flux 
oriented frame, then the rotor excitation current is 
increased in order to keep the magnitude of the stator flux 
unchanged. In the above process, the stator current ist and 
rotor current if interact with each other, so the process of 
torque control needs a further analysis which is described 
in next section.  

Through (6) and (9), EESG’s voltage equations under 
the stator flux oriented coordination are obtained as the 
function of ism, ist and if : 
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4. Modeling of Torque Control System of 
Electrically Excited Synchronous Generator 

 
The main advantage of the stator flux oriented 

coordination is to achieve unity power factor easily [20, 
21]. From the relationship between the stator voltage and 
stator flux, keeping the stator flux constant can make the 
stator voltage unchanged which is aligned to the T axis 
(when the rotor speed changes, the magnitude of the stator 
flux is inverse to the r otor speed). The magnitude of the 
stator flux is settled by regulating the rotor current if, and 
the stator current ism is set to zero in the steady state. The 
reference of ist is got though the torque reference dividing 
ψsm, then the electrical torque can be settled by regulating 
the stator current ist. The stator current only has component 

d

 
Fig. 4. Relationship between MT axis and dq axis 
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at the T axis which is in phase with the stator voltage. Then 
power factor is the unity. The basic PI regulators are used 
in the whole control system, and the control diagram is 
shown in Fig. 5. 

The whole control system Eq. (11) is derived from Fig. 5. 
Assuming the differential item in the generator model is 
well compensated by that in the control system model from 
Fig. 5, the system state-variable Eq. (12) is obtained to 
study the performance of the whole system. 

From (12) and Fig. 5, the stator current ism and state 
variable x0 have no deal with the torque and stator flux 
control, so the above variables can be omitted in the 
analysis of the torque characteristics. Considering the rest 
four variables of state vector elements are tightly coupling, 
the small signal model is used to analyze the characteristics 
of the EESG torque. 

Assuming that those variables have a little increment 
at the operation point without considering rotor speed 
change, the small signal matrix of the control system is 
deduced: 
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where x1, x2, x3 are the intermediate variables, kp0, kp1, kp2, 
ki0, ki1, ki2 are PI controller parameters; k is the equivalent 
voltage amplification of the stator converter. 
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where X is the state vector, U is the vector of input signals.  
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where Aij、Bij are matrix elements shown in appendix. 

From (9) and (13), a torque related four-order small 
signal output matrix is obtained as 
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Where J1, J2 are matrix elements as shown in appendix. 

According to (13) and (14), the bode plot of the closed 
loop torque transfer function is derived as shown in Fig. 6. 

There are four groups of curves for different PI parameters 
of the torque control and flux control regulators as shown 
in Fig. 6. All curves have the similar characteristics at the 
range from 0.1Hz to 10Hz that p hase lagging and magnitude 
gain are almost zero. However, from the frequency range 
above 20Hz, the magnitude gain decreases and phase 
lagging increases, the performance of tracing torque 
reference is obviously worse. Considering the mechanical 
resonant frequency of the direct driven synchronous wind 
turbine is general at range from 0.1 Hz to 10Hz [20], at that 
frequency range the electrical torque can trace the torque 

 
Fig. 6. Bode plot of the closed loop torque transfer function 
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reference precisely, so the damping torque control strategy 
can be implemented in this system well. 

 
 

5. Model Verified and Resonant Damping 
Simulation  

 
5.1. Model verified  

 
The mathematical model of the EESG control system is 

established in section 4, and the model is verified in this 
section.  

Firstly, the four-order small signal model is established 
in MATLAB according to equations (12) and (14). The 
rotation speed of the rotor is assumed to be constant in the 
small signal model for the inertia of wind turbine is very 
large, so the magnitude of the stator flux reference is 
unchanged. The variables of the control system such as 
the torque angle δ, stator current ist, electrical torque te 
responses to torque reference step and ramp are obtained 
from pure mathematical derivation in MATLAB. ist and te 
are system state variable and output variable respectively, 
and δ can be obtained through 

 

 2cos cos
d st d

st f
md f md f

L i Li i
L i L i

d
d d
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In step response case, the small increment of the torque 

reference is stepped to 10Nm from 0Nm at 0.05s; In ramp 
response case, the small increment is ramped to 10Nm 
gradually. The variable responses are shown in Fig. 7 and 
Fig. 8, respectively.  

From Fig. 7, three variables have a little overshoot with 
the same changing trend. In Fig. 8, the variables increase to 
the steady state gradually because the excitation of torque 
reference changes slowly.  

Secondly, the comparative simulations are carried out 
through PSCAD / EMTDC simula tion package. The 
torque reference steps from 0.8pu to 0.83pu in step 
response case and ramps to 0.83pu in ramp response case. 
The simulation results are shown in Fig. 9 and Fig. 10. 

Compared with the curves of Fig. 7 and Fig. 8, the 
corresponding features are almost same omitting the ripple 

waves in Fig. 9 and Fig. 10. So the small signal model can 
be proved validly. 

 
5.2. Resonant damping strategy simulation 

 
In this section, the resonant damping control strategy 

implemented in the EESG is verified through PSCAD/ 
EMTDC package. As known that the basic control 

 
Fig. 8. Dynamic responses of torque reference ramp case 
 

 
Fig. 9. Dynamic responses of torque reference step case

(simulation in PSCAD) 
 

 
Fig. 10. Dynamic responses of torque reference ramp case

(simulation in PSCAD) 
 

Fig. 7. Dynamic responses of torque reference step case 
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algorithms of variable speed wind turbine depends on wind 
speed. Two typical strategies are maximum power tracking 
(MPPT) control and constant speed control. In order to 
achieve MPPT control strategy, the torque reference is 
applied to the generator which is proportional to the square 
of the rotation speed. The two algorithms are shown in 
Fig. 11, and the resonant damping reference is indicted in 
dotted frame. 

In the simulation studies, the wind speed is stepped from 
7m/s to 8m/s for MPPT control region and from 13m/s to 

14m/s for constant speed control region. The simulation 
results are shown below. 

As shown in Fig. 12, the resonant component which 
appears at the same time with wind speed stepped has a 
slow attenuation trend, because the torque reference of 
the EESG is proportional to the square of the rotation 
speed when the EESG works in MPPT strategy. However, 
the coefficient of proportionality is quite small and the 
resonant component can’t be damped quickly. 

As shown in Fig. 14, the resonant component also has a 
slow attenuation trend for the rotation speed is regulated by 
the PI controller in the constant speed control method. The 
attenuation rate depends on the gain of the PI controller at 
the resonant frequency. 

Compared with the above curves, the resonant 
component decays rapidly when the resonant damping 
control is applied to the wind turbine. The simulation 
results indicate that resonant damping control strategy is 
effective for the EESG wind turbine control system. 

 
 

6. Conclusion 
 
In this paper, wind turbine shafting system resonance in 

the EESG control system is analyzed, and the damping 
torque strategy is also proposed based on the two-mass 

MPPT
algorithm

Rotation speed reference

Torque reference

Resonant 
Frequency 

signal

Ist reference

Resonant 
Frequency 

signal

Rotation speed

Rotation speed PI
controller

MPPT control strategy

Constant speed control strategy  
Fig. 11. Scheme of resonant damping control 

 

 
Fig. 12. Rotor speed response without resonant damping 

control (MPPT control) 
 

 
Fig. 13. Rotor speed response with resonant damping 

control (MPPT control) 

 
Fig. 14. Rotor speed response without resonant damping 

control (constant speed control) 
 

 
Fig. 15. Rotor speed response with resonant damping 

control (constant speed control) 
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model. In order to analyze the characteristics of the 
strong coupled control system, the four-order small signal 
equation related to torque and stator flux control is derived. 
Compared with different control parameters of rotor and 
stator regulators, the torque reference is tracked well at the 
frequency below 10Hz from the torque closed loop Bode 
plot.  

The four-order small signal model is proved validly by 
comparing variable responses to the torque reference step 
from MATLAB pure mathematical deduction and PSCAD 
package simulation. Then the damping torque strategy is 
applied to the EESG control system in PSCAD software 
package, and the simulation results indicate that resonant 
damping control strategy is effective for the EESG wind 
turbine control system to decay the resonant component of 
rotation speed rapidly.  

 
 

Nomenclature 
 
qsy dsy  Stator flux fixed to rotor axis 
SMy STy  Stator flux fixed to stator flux axis 
fy  Rotor flux  

Ld, Lq d and q axes inductances 
mdL  Mutual inductance 

d  Torque angle  
rw   Rotor rotation angular speed 
smw   Stator flux rotation angular speed 
,st smi i  Stator current fixed to MT axis 
,qs dsi i   Stator current fixed to dq axis 

fi  Rotor current 
, vst smv   Stator voltage fixed to MT axis 
,qs dsv v   Stator voltage fixed to dq axis 

fe  Rotor excitation voltage 
eT  Electrical torque 
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Appendix 
 
Small signal equation parameters: 
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Wind turbine mechanical parameters 
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