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Abstract
This paper proposes a computationally efficient Predictive Torque Control (PTC) technique
for permanent-magnet synchronous generators
(PMSGs) without weighting factors. The proposed
control strategy is based on computing the q-axis
reference current from the demanded torque. Furthermore, the d-axis reference current is set to zero
to achieve the maximum torque per ampere (MTPA)
operation of the PMSG. Then, the reference voltage
vector (VV) is directly computed from the reference
current vector using the deadbeat principle. Finally,
according to the location of this reference VV, only
three evaluations of the cost function are required.
The cost function includes only the error between
the reference VV and the candidates ones, which
eliminates the need of weighting factors. Therefore,
the proposed control scheme overcomes the following drawbacks of the classical PTC: 1) High calculation burden, and 2) tuning of the weighting factors.
Experimental results using a dSPACE DS1007 realtime platform and a 14.5 kW PMSG are presented to
verify the feasibility of the proposed control method.

1. Introduction
Recently, the use of renewable energy generation
units are increasing. In particular, wind power is
considered one of the most promising technologies for electrical power generation. Variable-speed
wind generators can be divided into: (i) doubly-fed
induction generators (DFIGs), and (ii) permanentmagnet synchronous generators (PMSGs). The
main feature of DFIGs is the utilization of a partialscale (approx. 30% of the machine rating) back-toback (B2B) power converter to tie the rotor wind-

ings of the DFIG with the grid [1]-[5]. However, a
heavy multi-stage gear box, which requires maintenance and reduces the system reliability, is essential. Furthermore, the sensitivity to faults/voltage
dips on the grid side is another drawback of the
DFIGs [6], [7]. Therefore, the direct-driven PMSG
with a full-scale B2B power converter is a viable alternative for variable-speed wind turbine technologies [1], [8]-[9].
The commonly adopted control schemes for
PMSGs include vector control and direct torque
control (DTC). Compared with the classical vector control techniques, DTC owns several features
like elimination of coordinate transformation, robustness to parameter variations, and quick transient performance [10]. However, DTC schemes
with hysteresis comparators suffer from the following disadvantages: large torque ripple and high
sampling requirements for digital implementation.
Recently, model predictive control (MPC) strategies have been spread out across various fields
including power electronics, electrical drives, and
variable-speed wind generators [11], [12]. Predictive deadbeat (DB)-DTC techniques have been applied for permanent-magnet synchronous machines
(PMSMs) in [13]. However, the main disadvantage
of the DB-DTC strategies is their sensitivity to variations of the machine parameters. Another alternative is the continuous-control-set MPC (CCS-MPC),
which considers the model of the system to predict its future behavior over a given prediction horizon. Then, the voltage vector that minimizes a certain cost function is selected. Finally, a modulation
stage is used to generate the switching signals of
the converter. The CCS-MPC has been utilized
to control the PMSMs in [14], [15]. However, its
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Generally, in PTC schemes, the control variables
are the torque and stator flux [20], [21]. However,
prediction of the stator flux in the next sampling instant and calculation of the reference stator flux according to the maximum torque per ampere (MTPA)
trajectory increase the complexity of the control system. Furthermore, a weighting factor is employed
to penalize the stator flux magnitude error. This
weighting factor has a significant impact on the control response, particularly on the harmonic current
distortions. Furthermore, tuning of this weighting
factor is normally realized by trail-and-error method,
which is a time consuming technique. An empirical
procedure to calculate the suitable weighting factors is proposed in [22]. However, this procedure
lacks sufficient theoretical support. In [23], the principle of torque ripple minimization is used to compute the required weighting factor online. A fuzzy
decision making strategy is proposed in [24] and a
multi-objective ranking based method is presented
in [25]. However, the main drawback of those methods is the required high calculation burden. To reduce the calculation load, the computation of the
weighting factor is realized by a simple look up table
technique in [26]. However, this method requires
substantial offline calculation.

(VV) is directly computed from the reference d- and
q-axis currents using a deadbeat function. Thirdly,
in order to reduce the computational effort, the sector where the reference VV is located is determined.
Therefore, three evaluations of the cost function are
only required to find the optimal VV to apply in the
next sampling interval. The cost function contains
the error between the reference VV and the candidates VVs. Accordingly, no weighting factors are
required. The performance of the proposed control technique is validated experimentally and its response is compared with that of the conventional
PTC scheme.

2.

Modeling of the PMSG

In direct-drive variable speed wind turbine systems
(WTSs), the PMSG is mechanically coupled to the
wind turbine via a stiff shaft (see Fig. 1). The stator windings of the PMSG are tied via a B2B power
converter and a filter to the grid. The machine-side
converter (MSC) is utilized to control the electromagnetic torque of the PMSG and to achieve the
MTPA criteria. The continuous-time model of a
three-phase surface-mounted PMSG can be written
in the synchronously rotating dq-reference frame as
follows [27]:

d d
uds (t) = Rs ids (t) + dt
ψs (t) − ωr ψsq (t),
(1)
d q
ψs (t) + ωr ψsd (t),
uqs (t) = Rs iqs (t) + dt

In this paper, firstly, the d-axis current of the PMSG
is selected as the second control variable beside
the torque. Accordingly, the MTPA operation is realized easily by setting the reference current of the
d-axis to zero, which slightly reduces the calculation
load. Secondly, in order to avoid using weighting
where uds , uqs , ids , iqs , ψsd , ψsq are the d- and q-axes
factors in the cost function, the reference current of
components of the stator voltage (in V), current (in
the q-axis is determined according to the demanded
A), and flux (in Wb) of the PMSG, respectively. Rs
torque. Furthermore, the reference voltage vector
is the stator resistance (in Ω) of the PMSG and ωr =

np ωm is the electrical angular speed of the rotor (in
rad/s), where np is the pole pair number and ωm is
the mechanical angular speed of the rotor.
The stator flux linkage of the PMSG can be written
as follows
ψsd (t) = Ls ids (t) + ψpm
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and ψpm is the permanent-magnet flux linkage (in
Wb). The dynamics of the mechanics of the (stiff) Fig. 2: Different switching combinations of 2-level voltwind turbine system are given by
age source converter.
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(3) {0, 1}3 of the power converter as follows [28, ChapTe (t) = 23 np ψpm iqs (t).
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In (3), Te is the electro-magnetic torque (in N m) and
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3. Traditional PTC scheme
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The structure of the traditional PTC scheme is illustrated in Fig. 1. To design this control technique, (2)
d dq
is inserted into (1) and solved for dt
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)
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(4)
For predicting the currents at a future sampling interval, a discrete-time model is required. Thus, the
forward Euler method with a sampling time Ts ≪
1 s is applied to the time-continuous model in (4).
Hence, the discrete-time model of the PMSG in the
rotating dq-reference frame can be written as follows [27]
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where T P (φr )−1 and T C are the Park and Clarke
transformation matrices, respectively. udc is the DClink voltage (in V) and uabc
= (uas , ubs , ucs )⊤ is the
s
stator phase voltage vector (in V) applied to the
PMSG in the abc-reference frame. φr = np φm is the
electrical rotor position of the PMSG (in rad). Considering all the possible combinations of the switching state vector sabc as shown in Fig. 2, seven different voltage vectors can be obtained. Those seven
voltage vectors can be used to predict seven future values of the current ids [k + 1] and the electromagnetic torque Te [k + 1]. Then, the following cost
function
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In this work, the control variable are the torque and
the d-axis current, as shown in Fig. 1. The stator voltage udq
s [k] of the PMSG can be expressed
as a function of the switching state vector sabc [k] ∈

with soft constraints is employed to select the optimal switching state vector which minimizes the cost
function. This optimal switching vector is then applied at the next sampling instant. In (8), γ is a
weighting factor, Te,max is the maximum allowable
torque of the PMSG, and is,max in the maximum
current of the stator.

Te*

2
3npψpm

isq,ref

isd,ref

Rs Ls ψpm
Reference VV
calculation
and sector
identification

udc
usαβ,ref
Sector

abc

s
Cost
Function

ωr isq isd
isa

dq
abc

φr

isb

isc

PMSG

d
dt

np

Wind
Turbine

Fig. 4: Laboratory setup to validate the proposed PTC
Fig. 3: Proposed PTC strategy without weighting factors scheme for PMSGs.
for surface-mounted PMSGs.
Tab. 1: PMSG parameters.

The traditional PTC strategy suffers from the following disadvantages: 1) Tuning of the weighting
factor γ, which is normally tuned by trial-and-error
method, and 2) high calculation load.

4. Proposed PTC strategy

Name
Rated power
Stator line-line voltage
DC-link voltage
Mechanical speed
Stator resistance
Stator inductance
PM flux linkage
Pole pairs

Symbol
prated
us,rated
udc
ωm,rated
Rs
Ls
ψpm
np

Value
14.5 kW
400 V
560 V
209 rad/s
0.15 Ω
3.4 mH
0.3753 Wb
3

The proposed PTC is illustrated in Fig. 3. Firstly, the
q-axis reference current iqs,ref [k + 1] can by computed directly from the reference electro-magnetic
This reference VV udq
torque Te∗ [k + 1] as follows
s,ref [k] is transformed to the
stationary reference frame αβ using the Park trans2T ∗ [k + 1]
.
(9) formation. Therefore, its location can be identiiqs,ref [k + 1] = e
3np ψpm
fied as shown in Fig. 2 using its angle φu [k] =
β
dq
Secondly, using the reference current is,ref [k + 1], atan2(us,ref [k], uαs,ref [k]). The new cost function
the reference VV udq [k] can be directly calculated has the form
s,ref

using the deadbeat principle as follows
uds,ref [k] = Rs ids [k] + Ls
−ωr [k]Ls iqs [k],

ids,ref [k+1]−ids [k]
Ts
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use a weighting factor in the cost function. Accordof the reference voltage vector udq
s,ref [k] is calcu- ingly, the proposed PTC overcomes the disadvanlated and compared with the maximally available
tages of the traditional one.
output voltage magnitude us,max of the voltage
source converter which depends on the dc-link volt5. Description of Laboratory Setup
age udc . If the magnitude is greater than this value,
the reference voltages should be adjusted as folThe proposed and traditional PTC techniques have
lows
been experimentally implemented. The setup con( dq
u
[k],
u
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≤
u
sists of a 14.5 kW PMSG driven by a two-level
s
s,max
s,ref
(11)
udq
us,max dq
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voltage source converter (VSC). A 9.5 kW relucus,ref [k], us [k] > us,max .
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Fig. 5: Performance of the traditional PTC at different values of the weighting factor γ.
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Fig. 6: Experimental results for step changes in the electro-magnetic torque Te : (a) Proposed PTC, and (b) traditional PTC.

tance synchronous machine (RSM) driven by another two-level VSC is employed to emulate the
variable-speed wind turbine dynamics and is controlled using a nonlinear current PI-based fieldoriented control (FOC) technique [29]. The two machines (i.e. PMSG and RSM) are coupled through a
torque sensor as illustrated in Fig. 4. The proposed
and traditional PTC schemes are implemented on
a dSPACE DS1007 real-time system using MATLAB/Simulink and Control Desk software. The sampling frequency is set to 11 kHz. An incremental encoder is used to measure the rotor position of the
PMSG. Three current sensors and one voltage sensor are used to measure the stator currents of the

PMSG and the DC-link voltage, respectively. The
experimental setup is depicted in Fig. 4 and the parameters of the PMSG are listed in Table 1.

6.

Experimental Results

The reference value of the electro-magnetic torque
Te⋆ is selected to be lower than the rated value of the
rated = 61 N m) and the reference value
RSM (i.e. TRSM
of the d-axis current ids,ref is set to zero to achieve
the MTPA condition. Fig. 5 illustrates the performance of the traditional PTC at different values of
the weighting factor γ. The electro-magnetic torque
is set to −20 N m by the PMSG control system and
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Fig. 7: Experimental results for step changes in the stator resistance Rs of the PMSG: (a) Proposed PTC, and (b)
traditional PTC.

the mechanical speed of the shaft is kept constant
at 100 rad/s by the RSM control technique. It is clear
from this figure that the weighting factor γ is playing
an important role in the ripples that appeared in the
current waveform. Accordingly, the weighting factor
γ = 0.8 is selected in the work.

control schemes (i.e. proposed and traditional PTC)
show good robustness to variations of the stator resistance Rs of the PMSG.
Finally, the performance of the proposed PTC and
traditional one under variations of the stator inductance Ls of the PMSG is given in Fig. 8. The
electro-magnetic torque Te is set to −25 N m and
the mechanical speed of the shaft ωm is kept constant at 90 rad/s. It can be observed that both control techniques (i.e. proposed and traditional PTC)
are sensitive to mismatches in the stator inductance
Ls of the PMSG. This is because predicting the
torque/d-axis current and computing the reference
voltage vector are highly dependent on the parameters of the machine. However, both control systems
are still stable.

The dynamic performance of the proposed PTC
and traditional one is shown in Fig. 6. At the time
instants t = 1.0 s and t = 3.0 s, step changes in the
reference electro-magnetic torque Te⋆ from 0 N m to
−40 N m and then to −20 N m, respectively, have
been applied to the PMSG control strategy. The
mechanical speed of the shaft ωm is kept constant
at 80 rad/s. It can been seen from Fig. 6 that the
dynamic performance of the proposed PTC is similar to that of the traditional one. However, the
proposed PTC requires approximately 15 µs execution time, while the traditional PTC requires approx- 7. Conclusion
imately 35 µs. Hence, the computational load is re15
duced to 35
×100% = 42% (i.e., a reduction by 58%). In this paper, a computationally efficient PTC techFurthermore, in the proposed PTC, no effort is re- nique without weighting factors for PMSGs is proposed. The proposed PTC strategy is based on usquired for tuning of the weighting factor.
ing the d-axis current of the PMSG to be the second
The robustness of the proposed PTC is also invescontrol variable beside the torque, which reduces
tigated and compared with the traditional one. In
(slightly) the calculation burden. Furthermore, in orFig. 7, the performance of the proposed PTC and
der to overcome the weighting factors tuning probtraditional one for ∓25% software step changes in
lem in the cost function, the reference current of
the stator resistance Rs of the PMSG is illustrated.
the q-axis is computed according to the reference
The electro-magnetic torque Te is set to −30 N m
torque. Then, the reference VV is directly computed
and the mechanical speed of the shaft ωm is kept
from the reference d- and q-axis currents using a
constant at 120 rad/s. According to that figure, both
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Fig. 8: Experimental results for step changes in the stator inductance Ls of the PMSG: (a) Proposed PTC, and (b)
traditional PTC.
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