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This paper represents an approach for improving the maximum torque per ampere (MTPA) 

control strategy for permanent magnet synchronous generator (PMSG). The MTPA permits the 

optimization of the generator stator current for a given torque, which leads to lower winding losses. 

The machine parameters are used for calculation of the stator currents. These parameters vary due to 

magnetic saturation which affects overall system performance. The improved algorithm takes into 

account the magnetic saturation of the machine material. The effect of the phenomena over the control 

of the generator is examined and a compensation approach is proposed. 

Keywords – (field oriented vector control, magnetic saturation, MTPA, PMSG, wind energy 

conversion system). 

Подобрено управление за вятърна турбина чрез използване на стратегията 

максимален въртящ момент за ампер, с отчитане на магнитното насищане (Борис Т. 

Демирков). Тази статия представя подход за подобряване на стратегията за управление 
максимален въртящ момент за ампер (MTPA) за синхронен генератор с постоянни магнити 

(PMSG). MTPA позволява оптимизиране на статорния ток при даден въртящ момент, което 

води до по-ниски загуби в намотката. За изчисляване на статорните токове се използват 

параметрите на машината. Тези параметри се променят поради магнитно насищане, което 

влияе върху цялостната производителност на системата. Разработеният алгоритъм отчита 

насичането на магнитните материали. Изследва се ефектът от явленията върху 
управлението на генератора и се предлага подход за неговата компенсация. 

 

Introduction 
In the resent years, the permanent magnet 

synchronous generators (PMSG) are widely used in 
variable speed wind energy conversion systems 
(WECS). They are preferred due to their reliability, 
high power density, possibility to direct drive 
connection, lack of excitation and higher efficiency.  

The interior magnet machines are more interesting 
because their reluctance torque can be used to increase 
the efficiency of the machine while lowering the 
losses. That type of machines has inductance saliency, 
which means, the dq-axis inductances are not equal to 
each other. This difference produces an additional, 
reluctance torque. This means that the electromagnetic 
torque of these machines is a combination of the field 
torque, generated by the rotor magnets and of the 
reluctance torque. The torque of PMSG with saliency 
doesn’t depend only on the q-axis current iq, but also 
on the d-axis current id. The optimal combination of 

these two components generates the reference torque 
with minimum current is. Another way, this is the 
current vector which can generate the maximum 
torque with a constant magnitude. MTPA method is 
used for search of that current combination [1], [2].  

The classical MTPA currents are calculated based 
on the rated parameters of the generator [3], but these 
parameters are not constant because of the varying 
stator current, temperature and machine speed. The 
interior magnet machines have a relatively small air 
gap and therefore the magnetic saturation due to 
armature current reaction cannot be neglected. The   
q-axis and the d-axis inductances vary with the stator 
current, which affects the performance of the control 
[4], [5].  

In this paper, the effect of the magnetic saturation 
on PMSG control is examined. In the classical MTPA 
control algorithm, the saturation is ignored and the dq-
axis inductances are constants. The proposed control 
solution takes into account the nonlinear dependence 
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of the inductances and the stator currents. The goal is 
to compare the two control algorithms and to 
investigate the impact over the system efficiency. 

First, the mathematical model of the system, used 
in the simulations is presented. After the classical 
MTPA strategy is explained and next the inductance 
estimation method is given. The proposed control 
updates the inductances based on a predefined 
saturation curves, calculated via the finite element 
method (FEM).    

System modeling 
The studied system is a combination of wind 

turbine, direct driven salient pole synchronous 
generator and voltage source converter (VSC). 

Model of the wind turbine and MPPT 

The power extracted from the wind can be written as: 

(1) ),(
2
1 3 θλρ= pCAvP  

where v is the speed of the incoming wind, ρ is the 
air density, A is the turbine’s swept area, Cp is the 
turbine power coefficient, λ is the tip speed ratio and θ 

is the pitch angle of the blades.  
The operation at maximum power is achieved with 

Optimal Torque Control [6]. This algorithm calculates 
the optimum turbine torque at which the maximum 
power generation occurs. The wind turbine 
characteristics are studied in details in previous work 
[3]. In the chosen MPPT algorithm, the optimal torque 
Topt is calculated by the optimal coefficient kopt and the 
measured generator speed ωm using expression: 

(2) 2  moptopt kT ω=  

Model of the PMSG 

The studied generator is a multi-pole, permanent 
magnet synchronous machine with interior magnets 
and magnetic saliency. Its model is developed in dq-
coordinate system. In the model, eddy currents and 
hysteresis losses are not considered. In the developed 
model the magnetic saturation is considered. That 
means that the dq-axis inductances are non-linear 
function of the stator current. The machine voltage 
equations are: 

(3)
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where vd and vq are the generator voltages on the d 
and q axes, Ld is the d-axis inductance, Lq is the the q-
axis inductance, R is the stator winding resistance, ψr 
is the permanent magnets’ flux linkage, id and iq are 
the stator current components on the d and q axes, is is 
the stator current and ωr is the rotor electrical angular 
speed of the generator.  

The electromagnetic torque Te can be expressed as: 

(4) [ ]{ }qdsqsdqrpe iiiLiLipT )()(
2
3  −+ψ= , 

where pp is the number of pole pairs. 
The drive train mechanical equation, without 

considering friction losses, is: 

(5) em
m TT

dt

d
J −=

ω  , 

where Tm is the mechanical torque of the generator 
shaft, J is the total moment of inertia of the system 
and ωm is the rotor mechanical speed. 

Model of the converter 

In the WECS with PMSG, the converter is a full 
scale back-to-back type. This type uses two, three 
phase voltage source converters, connected to each 
other by a capacitor. They can transfer power in both 
ways, from the generator to the grid and vice versa. In 
the studied configuration, only the generator side 
converter is presented. It operates as a rectifier and it 
is responsible for the machine operation. The DC-link 
capacitor is replaced with ideal voltage source which 
receives all the power from the rectifier.  

Two types of converter models are used in the 
simulation: switched model and average model. The 
switched model is used for analysis of the transient 
process. In it the converters are represented using 
switching functions [7], [8]. The semiconductors are 
replaced by controlled voltage sources. The voltages 
are represented by functions of the DC-link voltage 
and the control signals for the transistors. The DC-link 
current is presented as a function of the three line 
currents (of the generator) and the control signals. 
Space vector pulse width modulation strategy is used 
for the converter’s control. 

The benefit of the average converter model is that 
it permits the observation of long periods of time. In it 
the switching functions are replaced by three reference 

“Е+Е”, vol.54, 1-2/2019 27



signals. They represent three average voltage sources, 
on the generator side. The current source calculation, 
on the DC-side, is based on the power balance by 
neglecting all losses in the converter. 

MTPA control strategy 

The machine is controlled by a field oriented 
vector control (FOC) and MTPA control strategy. The 
main purpose of this control strategy is to create 
maximum electromagnetic torque value in the 
generator with minimum stator current or in other 
words – to find the minimum current value that 
creates the required electromagnetic torque [9], [10]. 
This goal is achieved by choosing the right 
combination of id and iq currents. The id reference 
current is calculated based on its relationship with iq 
current reference, as follows: 
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where iq ⃰ and id ⃰ are the q-axis and d-axis reference 
currents that will produce the required toque Te ⃰ . 

In the proposed model Ld. and Lq are updated in the 
formula after every simulating step, based on the 
previously measured stator current is. 

Estimation of the inductances Ld and Lq 
The generator is an interior magnet type. The 

magnets can be considered like air because their 
relative permeability is near unity. The effects of the 
magnetic saturation are larger in q-axis, because the q-
axis, effective air gap is smaller than d-axis gap. 
Therefore, Lq inductance is larger than Ld. The 
magnetic saturation of the steel laminations, changes 
the values of dq-axes inductances, and causes 
considerable deviation between analytically predicted 
and measured torque of IPM machines [1], [11]. 

To analyze the behavior of the machine under 
saturation, a 2D FEM model of the generator is 
created. It can be seen in Fig.1. The inductances are 
calculated using the software Ansys Maxwell.  

 
 Fig.1. FEM model of the studied PMSG. 

The finite element method is used to investigate 
the performance of the machine at rated load 
operation. In the analysis, the machine operates as an 
autonomous generator, separated from the electrical 
grid. The winding current and the induced voltage are 
shown in Fig.2. The generator produces 2 MW power 
with 2635 A winding current and has an efficiency of 
98.26%.  

 

 
 Fig.2. Winding currents and induced voltages of the 

PMSG. 

On Fig.3 is shown the magnetic potential vector 
and the magnetic flux density at full load conditions. 
It can be seen that the maximum strength of the 
magnetic field is in the stator teeth. 
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Fig.4 presents the output generator torque at the 
maximum power of the wind turbine. The 
electromagnetic torque is a combination of the 
permanent magnets’ torque, the reluctance torque and 
the cogging torque. They all contribute to the torque 
ripple but the cogging torque has an effect on the self-
start capability of the turbine, on the acoustic noise 
and on the mechanical vibrations of the turbine. In 
other words, it reduces the durability and the 
production of the entire system. The cogging torque is 
caused by the geometry of the machine, the interaction 
of magnetic field and stator slots. It occurs by the 
shaft when the rotor is rotated with respect to the 
stator [12].  

 
 Fig.4. Electromagnetic torque of the PMSG. 

The model of the generator is used for computation 
of Ld and Lq. The simulation is made for ten points of 
current is and applied MTPA control strategy. 

The obtained results for Ld and Lq are shown in 
Fig.5. They are used to create a look-up table. The 
search method is based on the measured stator current 
is. The table is based on ten values and for all others, 
an interpolation is used.  
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 Fig.5. Generator’s inductances in function of stator 

current. 

Generator losses 
The losses in the generator can be divided to 

copper (ohmic) losses, iron losses, stray losses and 
mechanical losses [13], [14]. The stray and the 
mechanical losses are considered small compared to 
the other types of losses and for that reason they are 
neglected. The copper losses are described as: 

 
Fig.3. Magnetic potential vector and the magnetic flux density of the PMSG. 
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 The permanent magnet machines don’t have 
excitation coil, so there are no rotor ohmic losses. 
Therefore, the utilization of the MTPA strategy 
guarantees minimum copper loss of the machine under 
the given working conditions. For this type of 
machines, the iron loss below the speed of the flux-
weakening region is considered low compared to the 
copper loss and the angle variation of the stator 
current vector has small effect over it [15]. Moreover, 
the wind generator never operates above rated speed 
region because of the mechanical pitch control of the 
turbine, which limits the rotating speed. Therefore, the 
utilization of MTPA control strategy, which means the 
minimum ohmic losses, can be considered as the 
operating at maximum efficiency point.  

Torque and current control algorithm 
In Fig.6 is shown a flow chart of the step by step 

system control calculation loop. The system 
performance depends on the right estimation of the Ld 
and Lq inductances based on the value of the stator 
current is [16]. In each step the measured current is 
used for recalculation of the inductances using the 
look-up table. After that these values are used for 
calculation of the optimum current components, 
according to (6).  
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 Fig.6. Flow chart of torque and current selection 

algorithm. 

Torque control 

The reference electromagnetic torque is calculated 
from the MPPT, according to (2). If an abnormal 
condition occurs, a compensating algorithm is 
activated to reduce the torque reference. 

Current control 

For the current control loop, a proportional-integral 
controller is used. It includes decoupling 
compensation because the d-axis and the q-axis 
currents cannot be controlled independently by the 
inverter voltages. This is due to the cross coupling 
effect which becomes more significant with the 
increasing of the machine speed. The effect is 
removed by compensation in the controller. It is 
presented in Fig.7. 
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 Fig.7. Block diagram of the decoupling current controllers. 

The d- and q-axis current control loops can be 
linearized by the next decoupling current control. 
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where Kp and Ki are the coefficients for the 
proportional and for the integral term. 

 
During the transient process the voltage reference 

can exceed the maximum converter voltage. This 
situation occurs when PI controllers are saturated and 
they start affecting each other. The result is unstable 
current tracking. 

An anti-windup compensation is integrated in the 
controller which will prevent integration wind-up 
when the output is saturated. 
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Voltage compensating algorithm 

To protect the generator from overvoltage, an 
additional algorithm is integrated, Fig.8. It 
compensates the voltage, giving priority to current id. 

When the voltage vector passes the voltage limit circle 
during fast transient, it will be forced to go back into 
the circle limit. 

yes

yes

no

no

 
Fig.8. Voltage compensating algorithm. 

Simulation results and analyses 
 Computer simulation models of all components of 

the system are created in Matlab/Simulink 
environment. Simulation of the machine and the 
turbine was done with the parameter values listed in 
Table 1, in the Appendix. The diagram of the created 

model of the simulated system, with its control, is 
shown in Fig.9. 

The simulations represent a comparison between 
the classical MTPA and the proposed version of 
MTPA, where inductances are updated according to 
the machine saturation. In the first method, for Ld and 
Lq are taken the rated values, given in the Table 1.  

The purpose of the first analysis is to compare the 
performance of the traditional MTPA and the 
proposed variable inductance MTPA algorithm. 
Simulation result is shown in Fig.10 and it indicates 
the relationship between the stator current and the 
electromagnetic torque with different MTPA control. 
It is clear that the suggested MTPA control produces 
higher torque output at given current. 
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Fig.10. PMSG torque in function of the stator current. 

 
Fig.9. Diagram of the simulated system. 

“Е+Е”, vol.54, 1-2/2019 31



Next study, in Fig.11, investigates the dynamic 
performance of the system under the two methods. To 
see the system stability response, the wind speed is 
changed by steps in short periods of time. For this 
simulation the switched model of the converter is 
used. 

 
 Fig.11. PMSG stator currents under dynamic wind change. 

The results of the simulation clearly indicate that 
the suggested MTPA control can obtain optimal 
currents according to the actual working conditions of 
WECS, which means that the suggested system 
generates greater electromagnetic torque with less 
current and the proposed MTPA control is better than 
the conventional MTPA control for vector controlled 
PMSG. 

The final investigation is focused on the main 
benefit provided by using of the MTPA control 
strategy - reduction of losses and increasing of the 
extracted power. The proposed lookup table method 
was compared with the conventional method.  

The two systems are compared while working 
under the same conditions for one hour with wind 
profile, based on real data. There is no step changing 
of the speed. The results for the stator currents are 
shown in Fig.12a. and zoomed in Fig.12b. 
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(b)  

Fig.12. PMSG tator current for one hour under real wind. 

The power losses in the generator’s winding are 
compared in Fig.13a and zoomed in Fig.13b. During 
the entire period, the proposed method provides less 
losses, due to the reduced stator current. As result, it 
delivers more extracted energy than the conventional 
method. 
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Fig.13. Power losses for one hour and real wind. 

Conclusion 
 In this paper, an improved algorithm for the 

MTPA control strategy is proposed, which considers 
the machine inductances Ld, Lq, variation in 
dependence on stator current. The dependencies of 
these parameters are extracted via FEM analysis of the 
generator. After that, the obtained results are directly 
included in the simulation model via look-up tables. It 
is shown that this new MTPA algorithm can reduce 
the generator’s ohmic losses up to 4.2% in the MPPT 
working region of the turbine and by 2.08% during the 

entire simulated period. That leads to an increase in 
the extracted power from the wind. The study 
concludes that if the variations of machine parameters 
are included in the control, the energy saving potential 
is increased. 
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Appendix 
Table 1 

Wind turbine parameters 

Rated mechanical power 2 MW 
Rated phase voltage 561.7 V
Rated stator current 2633.5 A 
Rated stator frequency 11.25 Hz 
Rated rotor speed 22.5 rpm 
Number of pole pairs 30 
Rated mechanical torque 852770 Nm 
Rated rotor flux linkage 6.62 Wb 
Stator winding resistance 0.73051 mΩ
d-axis inductance 1.21 mH 
q-axis inductance 2.31 mH 
Rated power 2.3 MW 
Cut-in wind speed 4 m/s
Rated wind speed 15 m/s 
Number of rotor blades 3 
Rotor diameter 71 m 
Rotor swept area 3959 m2 
Speed range 6-21.5 rpm 
Rated speed 21 rpm 

Kopt 1.598.105 N.m/rad2 
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