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Abstract—Fast dynamics and smooth performance are
important requirements that ensure the secure connection of
wind energy conversion systems to the network according to
grid codes. In this paper, a system model in grid voltage
reference frame is developed. The combined control is then
applied to both machine side and grid side converters of a grid-
connected PMSG to fulfill the code requirements where the task
of dc-link voltage control is assigned to the machine side
converter. The control system enjoys low computation,
simplicity, robustness and less dependency on grid parameters.
Simulation results on a 1.5SMW PMSG approve the performance
superiority of the proposed control system in comparison with
conventional control systems under different grid operating
conditions.
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I. Introduction

Nowadays, the utilization of renewable energy sources,
especially wind energy, has grown due to the increasing
demand for electric power and climate change concerns.
Voltage source converters (VSCs) based permanent magnet
synchronous generators (PMSGs) with a full-scale back-to-
back power converter are assessed to be more reliable and
efficient than doubly-fed induction generators (DFIGs) [1].
There are several grid codes as requirements for connecting
wind energy conversion systems (WECS) to the grid including
fluctuation of voltage and harmonic distortion [2]. The control
system plays an important role to meet these requirements.

The structure of WECS is divided into two separated parts:
the machine side converter (MSC) and the grid side converter
(GSC). The control of these parts has different tasks according
to the grid codes. Generally, MSC is used to control the speed
of the rotor to achieve maximum power generation and the
grid side converter controls the dc-link voltage to balance
exchanged power through dc-link. One of the most well-
known methods for MSC control is vector control. In this
method, the electromagnetic torque is controlled using the g-
axis component of the stator current. In addition, the d-axis
component is set to zero so as to obtain maximum torque per
ampere (MTPA) [3]. The method has some merits, such as
excellent steady-state performance and constant switching
frequency. However, it has drawbacks including a moderate
dynamic response, a high dependency on the machine
parameters and tuning of PI controller gains. In direct torque
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control (DTC) as an alternative to vector control, the
electromagnetic torque and stator flux linkage of generator are
controlled directly using hysteresis controllers and a switching
table [4]. It is known that the method enjoys a faster dynamic
response and less dependency on machine parameters.
Nevertheless, it suffers from high torque and current ripples,
variable switching frequency, overstress on the turbine and
acoustic noise. DTC-SVM is proposed to overcome these
problems [5]. However, in comparison with the conventional
DTC, it has some disadvantages including lower dynamic
response, higher switching frequency, and online calculation.
Base on the analogy between vector control and DTC,
combined control is presented. It enjoys the smooth operation
of VC under steady-state and fast response of DTC under
transient state. This control method has been applied to AC
electrical machines of different types [6,7]. Recently, this
method is used to control PMSGs [8]. The control method has
smoother performance compared to DTC plus faster dynamic
response in comparison to vector control.

On the other hand, the most widely used control method
for GSCs is vector control. In this method, active and reactive
powers are regulated through the direct and quadrature grid
currents, respectively [9]. The method has some advantages,
such as lower total harmonic distortion (THD) of grid current,
better power quality, and constant switching frequency.
However, it has some disadvantages including a moderate
dynamic response, a high dependence on the grid parameters
and more computation time. Direct power control (DPC) is
also applied to GSCs. The grid active and reactive powers are
controlled directly [10]. The method has a faster dynamic
response because of using a switching table instead of a PWM
subsystem and less dependency on grid parameters. However,
it suffers from high torque and current ripples and variable
switching frequency. Furthermore, DPC based on space
vector modulation (SVM) is presented. Compared to
conventional DPC, this method has a lower grid current THD
and a constant switching frequency. However, it suffers from
the problem of tuning PI controllers and lower dynamic
response [11]. Combined control is also applied to the GSC of
DFIGs [12]. The method has a faster response than vector
control but needs the tuning of PI controllers for regulating
active and reactive powers, virtual flux estimation and two
transformation blocks.

In this paper, the combined control is proposed for both
MSC and GSC of PMSGs for the first time where the task of
dc-link voltage control is assigned to the MSC. This full



combined control has the same steady-state performance in
addition to a faster dynamic response in comparison with
conventional combined control [8]. Furthermore, it uses only
one PI controller, which means that the tuning of controller
gains is greatly reduced. Moreover, complex online
calculations are avoided due to using a switching table
instead of the PWM subsystem. Furthermore, the method has
a lower parameter dependency due to the elimination of
decoupling circuit. This paper has been organized as follows.
In section II, system model is described followed by the
control system in section III. In section IV, a comparison
study between the vector control and the combined control
methods is presented. In section V, the system simulation
results are shown. Finally, the conclusion is presented in
section VI

II. SYSTEM MODEL

The overall system is depicted in Fig. 1. The wind
generator is connected to the point of common coupling
(PCC) through back-to-back VSCs. The converters operate in
the following modes: a rectifier mode and an inverter mode.
Furthermore, the two-level converter with IGBT switches is
connected to the grid through a R-L filter as shown in Fig. 2.
Model of the GSC is expressed as [9]:
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where &, ¥ and T are grid voltage vector, output voltage
vector of inverter and grid current vector, respectively. Also,
Rrand Lrare output filter and . is the grid angular frequency.
In a grid voltage frame, the injected active and reactive
powers to the grid are:
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In the rotating frame, the direct component of voltage is
located on the horizontal axis. Consequently, the quadrature
component of the grid voltage is equal to zero. The voltage of
inverter can be expressed as:

(1)
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where V. is the dc-link voltage of the inverter. On the other
hand, the electromagnetic torque of PMSG is noted as [13]:
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Fig. 1. Overview of WECS.

Fig. 2. Grid connected inverter with R-L filter.

where P, L, A5, Am and § are the number of pole pairs, stator
inductance, stator flux linkage, rotor permanent magnet flux
and the angle between stator and rotor flux.

III. THE PROPOSED CONTROL SYSTEM

In this section, the proposed control system for grid-
connected PMSGs thorough back-to-back converters is
presented.

A. Control Principles

Here the basis of the combined control is outlined for MSC
and GSC, respectively.

i Machine Side Control
The electromagnetic torque deviation from (5) in the stator
flux linkage rotary frame is defined as:

where k; and k» are defined as:
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Also, the machine electromagnetic torque based on stator
current deviations can be expressed as:
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k, = %P/Im sin(5), (10)
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k, = Em’" cos(5). (11

It can be concluded that:

AA, o< AP, (12)
A, o Ai,. (13)
These proportionalities confirm that DTC and VC perform

the active and reactive power control of PMSGs in the same
way through either current deviations or flux linkage



deviations. Thus, it is possible to exchange the flux linkage
control and current control of DTC and VC respectively.

ii. Grid Side Control
If the voltage reference frame shown in Fig. 3 is considered,
equation (2) and (3) are rewritten as:
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The converter voltage in the grid voltage frame can be written
in terms of dc-link voltage and converter switch status as:
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Equation (1) can be decomposed into the direct and
quadrature components as:
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Substituting (16) and (17) into (18) and (19) yields:
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Based on the recent equations, it is concluded that by
controlling GSC and applying the appropriate voltage vector,

Fig. 3. Grid vector diagram in the rotary grid voltage frame.

the grid current can be controlled. It should be noted that the
hysteresis controllers are used to control the current
components.

B. Control System Configuration

In this subsection, the proposed control system is
introduced. The combined control for MSC and GSC is shown
in Fig. 4. The MSC is controlled in the stator flux linkage
frame and the dc-link voltage regulation is used to control the
electromagnetic torque by controlling stator quadrature
current. To achieve MTPA, the direct component of stator
current should be equal to zero. Flags of torque and flux
linkage, in addition to the position of stator flux linkage are
used to select the appropriate voltage vectors to apply to the
generator. It should be noted that unlike the methods in which
the GSC controls the dc-link voltage, this task is assigned to
the MSC. The advantage here is that when a grid fault occurs,
the voltage drop is felt faster and the generator power reduces
to prevent sudden voltage surges in the dc-link voltage. A
maximum power point tracking strategy is used and the
generator active power is extracted from the generator speed.
An optimum relationship-based (ORB) is needed for MPPT in
which the wind speed measurement is not required [14]. It is
important to note that if the power losses in the converters are
ignored, then the generator power is equal to the injected grid
power. The reference of reactive powers in both sides is
considered equal to zero to keep the generator capacity free
and reduce power losses in normal conditions. The direct and
quadrature components of grid current are obtained from (14)
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Fig. 4. Proposed control system.



and (15) and compared with the actual components in voltage
frame. The errors are applied to the hysteresis controllers. The
appropriate voltage vector is selected to apply to the grid side
converter with the help of flags created and the position of the
grid voltage vector. Injection active and reactive powers to the
grid are controlled by controlling the components of the grid
currents.

IV. PERFORMANCE ANALYSIS

In this section, a comparison between the vector control
method and the combined control method of this paper is
presented from a new perspective. The comparison consists of
two parts. The first part is carried out under the same switching
frequency for both methods. However, the second part is
performed under different switching frequencies depending
on the requirements of each method.

Sampling frequency is an important factor determining
control performance and system switching frequency. The
sampling frequency (1/Ts) is equal to carrier wave frequency
for vector control method as shown in Fig. 5 (a). Three
voltage vectors containing two active and one zero vector are
selected in each Ts in this method. Therefore, the active
power remains within the permitted range shown with AP/2
around P* by applying these vectors as shown in Fig 5 (a). On
the other hand, a similar analysis is carried out for the
combined control method as shown in Fig. 5 (b) [15]. In order
to achieve the switching frequency of the combined control
method as high as the switching frequency of the vector
control, the sampling frequency of the combined control
method is increased. Since a voltage vector is applied at each
sampling interval, the number of voltage vectors increases
which provides higher power quality and lower current THD.
Therefore, in the combined control method, more voltage
vectors are applied to the converter than the vector control
method resulting in lower power ripples. It should be noted
that vector control method needs to operate in a relatively
high frequency. The reason is that the output waveform
approaches the appropriate shape and produces harmonics far
beyond the main frequency to reduce the output filter size. It
can also be said that the frequency of these methods is
constant. In contrast, the combined control method operates
at a lower and variable frequency. The reason is that the
instantaneous frequencies are higher than the average
frequency in this method. In addition, a high switching
frequency causes higher losses and a lower lifetime of
switches [16]. Another comparison is also carried out at an
unequal switching frequency as shown in Fig 5 (c¢). In this
situation, the sampling frequency of the combined control
method is lower than that of the previous combined control
methods which leads to lower switching frequency for the
combined control method. Consequently, the number of
voltage vectors that are applied to the converter decreases in
each Ts. Thus, power quality deteriorates with respect to that
under vector control method.

V. SIMULATION RESULTS

In this section, firstly, the steady-state performance of
WECS under the proposed combined-combined (CC) control
method is compared with those under vector-vector (VV) and
combined-vector (CV) control methods under different

switching frequencies for vector and combined control. Then
the comparison is repeated for CC and VV control methods
with the same switching frequency for vector and combined
control. Finally, the transient performance of the proposed
method in comparison with other methods is investigated. The
simulation studies are carried out for a 1.5MW non-salient
PMSG-based WECS using MATLAB/Simulink [17].

The simulation results for the electromagnetic torque,
active power, reactive power and dc-link voltage under
unequal frequency are depicted in Fig. 6. In addition,
switching frequency for vector control and combined control
on each side is considered as 7.5 kHz and 3 kHz respectively.
It is seen that VV method has a better performance than CV
and CC methods in terms of lower ripples. Moreover, the THD
of current signals and power ripples of the generator side are
almost the same under CV and CC methods due to the
similarity of the switching logic.

Then, the comparison is carried out with the same switching
frequency for VV and CC methods in Fig. 7. According to the
previous section, it can be found that CC has better
performance than VV under the same switching frequency in
terms of signal ripples. Finally, Fig. 8 shows the transient
performance of the control methods. At 0.1 and 0.15 seconds,
a local load with a capacity of one-third of the rated capacity
is connected and then disconnected, respectively. At these
conditions, the dc-link voltage drops due to the sudden
increase in the power demand and the high inertia of the
generator. Therefore, the dc-link supplies the demand
instantly at the cost of its voltage drop.
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Fig. 5. Switching logic in control methods; a) Vector control, b) Combined
control with the same frequency, ¢) Combined control with the separated
frequency.
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Fig. 6. Simulation results for the separated switching frequency; a)
Electromagnetic torque, b) Machine active power, ¢) Machine reactive
power, d) de-link voltage.

Then the generator active power increases to charge the dc-
link again and supply the local load. The proposed control has
fast and robust performance against severe load changing
according to Fig 8. The quality of control signals of the grid
side is almost the same under CV and VV methods due to the
similarity in the switching logic. The comparative analysis of
control methods is summarized in Table I.

VI. CONCLUSION

In this paper, the combined control method is applied to both
machine and grid side converters of PMSGs. The
performance merits of the control is confirmed by comparing
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the method with the methods in which a vector control is
applied to the grid side converter, with a machine side
converter under either a vector or a combined control method.
The proposed full combined control provides faster
performance due to using a PI controller only. In addition, it
causes a lower dc-link voltage drop. Thus, accommodating a
better performance under fault conditions.

TABLE L COMPARATIVE RESULTS BASED ON TYPE OF CONTROL
\'AY% cv cce
V. ripple Low Medium | Medium
Grid current THD Low Low Medium
Machine current . .
THD Low Medium | Medium
PWM subsystem two one Zero
Simplicity Complex Simple Simpler
Transient Response Slow Fast Faster
Robustness Low Medium High
No. of PI controllers 4 2 1
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