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Abstract—Permanent magnet synchronous generators have wide
application in wind energy conversion systems. If interior
permanent magnet synchronous generator (IPMSG) is connected
to the grid by a full scale AC-DC-AC converter, the wind turbine
can be operated to extract maximum wind power at different
wind speeds by optimally adjusting shaft speed. In this paper the
model of the AC-DC-AC converter and related control structures
for the control of IPMSG were developed in MATLAB/Simulink.
Control of generator-side converter was achieved using field
oriented control (FOC) which separately controls the
electromagnetic torque and the magnetic flux. Optimal stator
current references were calculated using maximum torque per
ampere algorithm (MTPA) which ensures minimum stator
current magnitude for electromagnetic torque reference. Control
of grid-side converter was achieved using voltage oriented control
(VOC) which separately controls active and reactive power
injected to the grid. Outer control loop, with slower dynamics,
ensures that DC circuit voltage is kept at reference value which
ensures transfer of the active power from the DC circuit to the
grid. Inner control loops, with faster dynamics, control the d- and
the g-axis grid currents. Using developed control structures, the
stator and the grid current PI controllers were designed using
technical optimum while DC voltage PI controller was designed
using symmetrical optimum. Proposed control methods were
verified by simulation using laboratory model parameters.

Keywords-AC-DC-AC converter; field oriented control; interior
permanent magnet synchronous generator; voltage oriented control

L INTRODUCTION

In recent years, wind energy conversion systems (WECS)
have gained significant attention as clean and safe renewable
power sources. Along with squirrel cage induction generators
(SCIG) and double fed induction generators (DFIG),
permanent magnet synchronous generators (PMSG) have wide
application in WECSs [1]-[3].

Main characteristics of an interior permanent magnet
synchronous generator (IPMSG) are high power factor, high
power density, compact design, high efficiency and wide speed
operating range. If IPMSG is connected to the grid by a full
scale AC-DC-AC converter, the wind turbine can be operated
to extract maximum wind power at different wind speeds by
optimally adjusting shaft speed [4].

Generator-side converter control strategy aims to control
separately magnetic flux and electromagnetic torque. This
control strategy can be achieved by using direct torque control
(DTC) or field oriented control (FOC). Main features of DTC

are direct control of stator flux and electromagnetic torque,
high stator current and torque ripple, excellent torque dynamics
and variable switching frequency [5]. Field oriented control,
often referred to as vector control, achieves stator current
control using the synchronously rotating dq reference frame.

Grid-side converter control strategy aims to control
independently active and reactive power transferred from the
DC circuit to the grid. This control strategy can be achieved by
using direct power control (DPC) or voltage oriented control
(VOC). Main features of DPC are simplicity, fast dynamic
response and variable switching frequency [5]. Voltage
oriented control consists of outer control loop which keeps DC
circuit voltage at reference value and inner control loops that
control currents injected to the grid. The LCL grid filter is
usually used to eliminate harmonics caused by pulse width
modulation (PWM) of the grid-side converter [6].

In this paper the model of the AC-DC-AC converter and
related control structures for the control of IPMSG were
developed in MATLAB/Simulink. Control of the generator-
side converter was achieved using field oriented control while
control of the grid side-converter was achieved using voltage
oriented control. Proposed control structures were used to
design the stator and the grid current PI controllers using
technical optimum and the DC circuit voltage PI controller
using symmetrical optimum. Simulation was conducted using
laboratory model data.

II.  GENERATOR-SIDE CONVERTER CONTROL

A.  Mathematical model of an IPMSG

The mathematical model of an IPMSG in synchronously
rotating dg reference frame can be expressed as follows:
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where isq and iy, are the d- and the g-axis stator currents, U
and u,, are the d- and the g-axis stator voltages, T, is the
electromagnetic torque, w. is rotor angular electrical speed, R
is the stator resistance, L; and L, are the d- and the g-axis
inductances, y,, is the permanent magnet flux linkage, and p is



the number of pole pairs.

B. Field oriented control (FOC)

In Fig. 1 field oriented control structure of an IPMSG is
shown. For given electromagnetic torque reference, optimal
stator current references were calculated using maximum
torque per ampere (MTPA) algorithm. Vector diagram of an
IPMSG is shown in Fig. 2.

If stator currents in the d- and the g-axis are expressed
depending on the stator current angle, the electromagnetic
torque equation (3) can be written as follows [7]:
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where I, is the stator current magnitude and y is the stator
current angle. According to MTPA algorithm, optimal stator
currents in the d- and the g-axis ensure minimum stator current
magnitude for given electromagnetic torque reference. Optimal
stator current angle is found by calculating 07, / dy = 0:
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Using (5) the optimal d-axis current can be expressed as a
function of the g-axis current [7]:
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For the given electromagnetic torque reference, (6) is
substituted into the electromagnetic torque equation (3) which
leads to quadratic equation. Solution to that equation is the
optimal g-axis stator current. After the optimal g-axis stator
current is obtained, the optimal d-axis stator current is easily
calculated using (3) or (6).
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Figure 1. Field oriented control of an IPMSG

Figure 2. Vector diagram of an IPMSG

Calculated optimal stator current references are inputs to
PI controllers. In order to achieve decoupled control in the d-
and the g-axis, decoupling signals are added to outputs of PI
controllers as follows:

Augy=-w,L,i, @)

Ausq = weLd ixd Y, &, (8)

where Au,q and Auy, are decoupling signals in the d- and the g-
axis, respectively. Outputs of the PI controllers with
decoupling signals form the d- and the g-axis generator-side
converter voltage references. After inverse Clark and Park
transformations, voltage references are forwarded to PWM.

C. PI controller design

Block diagram of the stator current control loop is shown in
Fig. 3. Using decoupling signals (7)-(8) mathematical model
of an [IPMSG can be expressed as [8]:
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Decoupled relations (9)-(10) are suitable for PI controller
design. Gain and time constant of the IPMSG transfer function
can be expressed as follows:
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Figure 3. Block diagram of the stator current control loop
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All measured values are sampled using sampling time 7.
Sampling and PWM are modelled as first-order elements with
time constants 7pwy and Ty/2, respectively. To simplify the
block diagram, two smallest time constants are grouped
together as follows:

TY
Ts =T pyu +7 (13)

Since the IPMSG time constant is significantly bigger than the
sum of PWM and sampling time constants, technical optimum
is used for PI controller design. The dominant pole of the open
loop transfer function can be cancelled by setting the integral
time constant of the PI controller equal to the time constant of
an IPMSG as follows [8]:

1
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Gain of PI controller can be calculated as follows [8]:
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III. CONTROL OF GRID-SIDE CONVERTER

A.  Mathematical model of the LCL filter and the grid
Grid-side converter with LCL filter is shown in Fig. 4.
Voltage equations between the grid-side converter and the grid
can be expressed in stationary abc reference frame as follows
[9]:
di
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where u is the grid-side converter voltage, ix is the grid-side
converter current, U is voltage at the filter capacitor, i is the
grid current, ug is the grid voltage, L;r and Ly are filter
inductances, R;r and Ry are filter parasitic resistances and Cy
is the filter capacitor.

LCL filter

Uy,

Figure 4. Grid-side converter with LCL filter

At frequencies that are lower than half of its resonance
frequency, LCL filter can be modelled as L filter [9].
Resistance and inductance of the simplified model of the LCL
filter can be expressed as:

Ry =Ry, +Ry, (20)
Ly =L, +Ly, @1

where Lyand Ry are inductance and resistance of the equivalent
L filter, respectively. Using simplified filter model and (16)-
(19) voltage equations between the grid-side converter and the
grid can be can be expressed in dg reference frame, which
rotates with the grid voltage angular speed, as follows [9]:
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where us and u, are the d- and the g-axis grid-side converter
voltages, uzq and u,, are the d- and the g-axis grid voltages, ig
and iy, are the d- and the g-axis grid currents, w is the grid
voltage angular speed, Ly and Ry are inductance and resistance
of the filter, respectively.

B. Voltage oriented control

In Fig. 5 voltage oriented control of the grid-side converter
is shown. Proposed control structure is achieved in dg
reference frame which rotates with grid voltage angular
frequency. In order to detect the grid voltage angle, phase
locked loop (PLL) [10] is used. The d-axis of the dq reference
frame is aligned with the grid voltage vector so the d-axis grid
voltage is equal to its magnitude (ugs = ug) while the g-axis
grid voltage is equal to zero (ug, = 0).
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Figure 5. Voltage oriented control [11]



The outer DC voltage control loop keeps DC voltage at
reference value which ensures that produced active power is
transferred from the DC circuit to the grid. Output of the DC
voltage PI controller is the d-axis grid current reference. The
g-axis grid current reference can be calculated from the grid
reactive power reference. Inner control loops, with faster
dynamics, control the d- and the g-axis grid currents [11].

Calculated grid current references are inputs to PI
controllers. In order to achieve decoupled control in the d- and
the g-axis, decoupling signals are added to outputs of PI
controllers as follows:

Auy, =Ug—WLsi,, (24)

Au,=u,, +aLi,, (25)

where Aug and Au, are decoupling signals in the d- and the g-
axis, respectively. Outputs of the PI controllers with
decoupling signals form the d- and the g-axis grid-side
converter voltage references. After inverse Clark and Park
transformations voltage references are forwarded to PWM.

C. PI controller design

Block diagram of the grid current control loop is shown in
Fig. 6. Using decoupling signals (24)-(25) voltage equations
between grid-side converter and the grid can be expressed as:
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Decoupled relations (26)-(27) are suitable for PI controller
design. Since the d- and the g-axis inductance are the same,
gain and the time constant of the grid circuit transfer function
are the same for both axis as follows:
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Sampling and PWM are modelled as first-order elements with
time constants Tpwy and Ty/2, respectively. Two smallest time
constants are grouped as follows:
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Figure 6. Block diagram of the grid current control loop

Time constant of the equivalent RL circuit between the grid-
side converter and the grid is significantly bigger than sum of
PWM and sampling time constants so technical optimum is
suitable for PI controller design. Integral time of PI controller
is used to cancel the dominant pole of the open loop transfer
function as follows [12]:

T,=t; 31)
Gain of PI controller is calculated as follows [12]:
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Simplified transfer function of the closed loop grid current
control can be expressed as follows [12]:

1
G.(§)m—— 33
“ (S) 1+2T2i5 ( )

Block diagram of DC circuit voltage control loop is shown
in Fig. 7. Active power of the DC circuit can be expressed as
follows [8]:

Pl(' =P,

a

P (34)
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Linearization is performed around usc = Use, Uga = Uga, Py =
Pog, Pgen = Pogen. Linearized power balance equation, taking
into account that generator and grid power are balanced in the
steady state Py, = Pogen, can be expressed as [8]:
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Transfer function of the DC circuit voltage can be found using
(36) as follows:
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(37

Grid current control loop is modelled using simplified
expression (33) while sampling is modelled as first-order
element with time constant 7/2.
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Figure 7. Block diagram of the DC voltage control loop



Open loop transfer function is obtained as follows [8]: TABLE L. IPMSG PARAMETERS

( ) é U Parameter Value
K, 1+sT, gd -1
G,, (s)=—1 ul 2 (38) Nominal power . =375 kW
sT, 142T5;s U 4.Cye.s Back EMF constant 266 V/krpm
Nominal current I, =596 A
Since the open loop transfer function includes integrator, Nominal torque T, =2389 Nm
. . . . Nominal frequency fa=T5Hz
symmetrical optimum is used for PI controller design. Two . "
X Nominal speed n, = 1500 rpm
smallest time constants are grouped as follows: Stator resistance R, =8.05 mQ
d-axis inductance Ls=0.72 mH
_ s g-axis inductance L,=1.06 mH
TZu _2T2i +7 (39 Permanent magnet flux linkage ym = 0.69 Wb

Gain and integral time constant of the PI controller can be
expressed as follows [8]:

TABLEIL AC-DC-AC CONVERTER AND LCL FILTER PARAMETERS
2
T,=a"Ty, (40)
Parameter Value
_ 1 2 U,Cyh Grid voltage Us =400 V
_—_= (41)
“T 43U . Ts Grid frequency fe=50Hz
& u DC circuit nominal voltage Us =750 V
. . DC circuit capacitance Cic=11.76 mF
where a is parameter related to the phase margin. PWM switching frequency fown = 3 kHz
Filter capacitance Cr=136 uF
IV. SIMULATION RESULTS Converter-side filter inductance Liy=45.61 pH
Grid-side filter inductance Ly=31.85pH
The model of the AC-DC-AC converter and related control Converter-side filter parasitic resistance Riy=0.12mQ
structures for the control of IPMSG were developed in Grid-side filter parasitic resistance Ry =197 m
MATLAB/Simulink as shown in Fig. 8. Parameters of the
IPMSG are presented in Table I while parameters of the grid,
AC-DC-AC converter and the LCL filter are presented in 1000
. . T
Table II. Given parameters were obtained from the laboratory sl M
model. Field oriented control described in Section II was used -
for the generator-side converter control. MTPA was used to I
calculate stator current references. Voltage oriented control 5 -soof
described in Section III was used for the grid-side converter g ool
control. Technical and symmetrical optimums, described in g
Sections II and III, were used for PI controller design. .
. e, . = 2000~
The electromagnetic torque reference was initially zero, it
changed to -2389 Nm at 0.02 s and back to zero at 0.1 s. -200r ‘
Reactive grid power reference was initially zero, it changed to ~3000 i i i i i i i
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2
100 kVAr at 0.02 s and back to zero at 0.1 s. The Time'. s
electromagnetic torque, the DC voltage, the d-axis grid Figure 9. Electromagnetic torque
current, active grid power, mechanical power and reactive grid
power are shown in Fig. 9. — Fig. 13. 20 ‘ ‘ , i , ‘ :
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Figure 8. Simulink model of AC-DC-AC converter control Figure 10. DC circuit voltage
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Figure 12. Mechanical power and active grid power
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Figure 13. Reactive grid power

At 0.02 s active power was transferred from the IPMSG to
the DC circuit which caused DC circuit voltage to rise. DC
circuit voltage PI controller set the d-axis grid current
reference to 730 A which ensured transfer of the active power
from the DC circuit to the grid and restoring DC circuit
voltage to reference value. The g-axis grid current reference
was calculated using the reactive grid power reference and
grid voltage measurement. For the reactive grid power
reference 100 kVAr and grid voltage 400 V, the g-axis grid
current reference was -205 A. Active grid power is smaller
than mechanical power since there are power losses in the

IPMSG, AC-DC-AC converter and LCL filter. In the steady
state, mechanical power was 375 kW while active grid power
was 360 kW.

V. CONCLUSION

In this paper simulation model for the generator- and the
grid side converter control of the IPMSG was developed in
Matlab/Simulink. Parameters of the laboratory model were
used in simulation. Developed simulation model was used to
determine optimal parameters of PI controllers. The stator and
the grid current PI controllers were designed using technical
optimum while the DC circuit voltage PI controller was
designed using symmetrical optimum. Future work includes
implementation of field oriented control for the generator side
converter and voltage oriented control for the grid side
converter. The proposed algorithms will be implemented on
the digital control system based on ADSP-21992.
Implemented algorithms will be verified on the laboratory
model which consists of IPMSG, AC-DC-AC converter and
induction motor which emulates wind turbine.
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