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Abstract— The paper describes a current and speed control
of the permanent magnet synchronous motor with vector
control. For a current and speed controller, the Internal Model
Control (IMC) method was chosen for its good tracking
capability and demands on the controllers. A short analysis of
the IMC method for design of the current and speed controller
has been made. The paper contains mathematical description
of the IMC controller design. Simulation and experimental
results of the vector controlled AC drive with interior
permanent magnet synchronous motor are shown to present
features of the current and speed controller.

a position sensor that is fitted to the machine shaft.
In recent years, a vector control becomes the common
method of driving the PMSM. This method allows usage of
the PSMP in same way as DC machine, provides possibility
of using the PMSM even at zero speed at nominal torque.
Also, with the vector control gives the PMSM better
dynamic behavior in compare with the DC machine [8] [11].

Index Terms— permanent magnet synchronous motor,
closed loop systems, variable speed drive, vector control, digital
signal processor.
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I. INTRODUCTION
Electrical drives with permanent magnet synchronous
motors are widely used in industry and transportation. They
are an attractive solution for servo drives in the middle
power area.
The traditional synchronous machine is one that features
an AC winding in the stator that generates a rotary magnetic
field in the air gap. The magnetic field of the rotor is
generated either by rotor winding that excites electrically
with direct current or by permanent magnets. The magnetic
field generated by the rotor acts together with the stator field
to establish torque on the machine shaft. The speed of the
PMSM with constant rotor excitation is determined by the
stator frequency and the number of poles. For variable speed
drive, some type of inverter is necessary to provide voltage
with variable frequency to the permanent magnet
synchronous motor [1] - [6].
The properties of a given Permanent Magnet Synchronous
Motor (PMSM) depend, for the most part, on the position of
the permanent magnets (PM) inside the motor. The PM may
be installed in various ways. The basic construction solution
of the PMSM is: a) Surface Mounted Permanent Magnet
Synchronous Motor - SMPMSM, b) Interior Permanent
Magnet Synchronous Motor - IPMSM) [7].
A successful application of vector control is subject to
knowing the position of the rotor and, in synchronous
machines, the knowledge of the initial position for a
problem-free startup. That is the reason why PMSM feature
1
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II. LIST OF THE USED SYMBOLS
stator voltage vector in [d, q] coordinate system
stator current vector in [d, q] coordinate system
rotor flux vector in [d, q] coordinate system
matrix of the stator inductances in [d, q] system
matrix of the impedances in [d, q] system
system matrix
unit matrix
cross coupling matrix
matrix of the induced voltage
maximum value of magnetic flux created by PM
stator resistance
mean value of the stator inductance
amplitude of the stator inductance
amplitude of the magnetizing inductance
stator inductances in [d, q] coordinate system
stator current vector components in [d, q] system
reference stator current
gain of the voltage inverter
total moment of inertia
driving torque
load torque
rotor angle
rotor angular speed
reference speed
mechanical rotor angular speed
III. MATHEMATICAL MODEL OF THE PMSM
For control purposes, a PMSM model in the rotating
coordinate system [d, q] is more suitable. Transformation of
PMSM variables into rotor coordinates [d, q] allows
implementing vector control which provides the control of
the PMSM excitation and electromagnetic torque separately
as in DC machine [12] - [15].
In addition, coordinate transformation eliminates
dependence of all variables on the position of the rotor, thus
facilitating the analysis of the AC drive with individual
closed control loops.

Digital Object Identifier 10.4316/AECE.2012.04001

3
1582-7445 © 2012 AECE

[Downloaded from www.aece.ro on Thursday, August 11, 2022 at 17:58:15 (UTC) by 3.229.124.74. Redistribution subject to AECE license or copyright.]

Advances in Electrical and Computer Engineering

Volume 12, Number 4, 2012

We can derive a mathematical model of the IPMSM in
the rotor coordinates [d, q]:

uSdq = Ldq

diSdq
dt

+ Zdq i Sdq + ω R ψ dq

⎡ Ld ⎤
⎡ R
L dq = ⎢⎢ ⎥⎥ , Z dq = ⎢ S
⎢ ω R Ld
⎣
⎣ Lq ⎦

⎡ 0 ⎤
−ω R Lq ⎤
⎥ , ψ dq = ⎢
⎥
⎥
⎢ Ψ PM ⎥
RS ⎦
⎣
⎦

Ld = LS − ΔLS , Lq = LS + ΔLS

TM =

3 ⎡
p p iSq Ψ PM + iSq iSd ( Ld − Lq )⎥⎤
⎦
2 ⎢⎣

(1)

(2)
(3)
(4)

J tot

d ωm
= TM − TL
dt

(5)

Very efficient control structure for variable speed electric
drives is so called cascade structure (see Fig 1). This type of
control structure is very popular in practice because of its
flexibility.
The control structure consists of control loops, whereas
the current (torque) control loop is subordinate and the
speed control loop is superior loop. The cascade control
requires a frequency separation of all control loops in the
controlled system.

Figure 1. Control structure of the AC drive with the PMSM

IV. CURRENT CONTROL
The current control loop plays a critical role in the overall
structure of the vector control. The reason is that the design
of superior mechanical systems (velocity and position
control loop) assumes its ideal behavior (precise control
without delay). Using subordinate current control loop we
ensure a quick response to its reference value, which comes
from the superior speed control loop. Thus we ensure
maximum machine dynamics during sudden change of the
desired speed or the desired position. The next task of the
current control loop is to keep the current within safe limits
and provide precisely decoupled control loops for
magnetizing and torque current components iSd, iSq.
The main reason why the stator current must not exceed
its maximum is the demagnetization of permanent magnets
of the machine.
The design of the current controllers for d-axis and q-axis
assumes that current changes are much faster than
mechanical changes. The behavior of the circuit is described
by equation (1), which can be rewritten in the frequency
domain in the form:
U Sdq = G I Sdq + W I Sdq + E

⎡
1
⎢
⎢ RS + s Ld
G = ⎢⎢
⎢
0
⎢
⎣⎢

4

⎤
⎥
0
⎥
⎥
⎥
1
⎥
RS + s Lq ⎥⎦⎥

(6)

(7)

⎡ 0
W=⎢
⎢
⎣ ω R Ld

⎡ 0 ⎤
−ω R Lq ⎤
⎥
⎥ , E = ωR ⎢
⎢ Ψ PM ⎥
0 ⎦⎥
⎣
⎦

(8)

For clarity, it is true that USdq(s) = USdq , ISdq(s) = ISdq.
The electrical system can be represented as block (see
figure 2).

Figure 2. Voltage equation represented in block diagram

Decoupling is the first step in the design of the current
controllers and is performed using the following equation:

′ − iSdq ( W − R a )
uSdq = uSdq

(9)

where Ra = diag(Rad, Raq) is so called active damping (also
active resistance), which is added to reduce the influence of
the disturbance E [16]. The resulting electrical system after
decoupling using equation (9) is shown in figure 3.
Many methods can be used for the design of current
controllers. The Internal Model Control (IMC) method,
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which we used for the design of the controllers, has
advantageous properties for use in controlled AC drives
[16], [17].

Comparing the equation (13) with equation (12), it can be
concluded that the IMC controller C can be realized by
classical controller F which is described as follows:

(

ˆ
F = I − CG
=

)

−1

C=

αc
s

⎡ Rs + Rad + sLd
⎢
⎢
0
⎣

⎤
0
⎥
Rs + Raq + sLq ⎥⎦

αc ˆ −1
G .
s

(14)

The equations (14), (15) show that the regulator F
consists of two PI controllers for currents in the d-axis and
q-axis.

Figure 3. Block diagram of the voltage equation for decoupling and
implementation of active damping

The basic idea of the IMC method is that the feedback
contains only information about disturbances and errors
between the real system and its model.

Figure 5. Classical feedback structure

The expression for the transfer function of the closed loop
can be written in the form:
Figure 4. Schematic structure of the IMC

The principle is shown in Figure 4, where G is a real
system (in this case PMSM) and Ĝ is the first-order system
see figure 3). We can choose for such system:
ˆ −1 L
C=G

(10)

L = diag ( s +cαc , s +cαc )
α

α

(11)

αc is an optional parameter.
Of course, it is not possible to realize the structure in
figure 4, since Ĝ is not exactly known. But it can be realized
classical feedback structure from figure 5.
Based on the analysis of the structure in Figure 4, we can
write equation:
′ ) = uSdq ,
C (iSdq_ref − iSdq

(
C (i

(
− (GG

)) = u ,
ˆ
+ Gu
)) = u

ˆ
C iSdq_ref − GuSdq − Gu
Sdq
Sdq_ref

−1

iSdq

Sdq

Sdq

,

(12)

ˆ
C (iSdq_ref − iSdq ) = uSdq − CGu
Sdq ,

(

ˆ
uSdq = I − CG

)

´

where i Sdq is an auxiliary variable and I is the unit matrix.
Based on the analysis of the structure in Figure 5, we can
write equation:

where E = 0.

0 ⎤⎥
⎥
αc
⎥
αc +s ⎦

(15)

G PIc

αc Rs
⎤ ⎡⎢ αKc Ld + Ksm
⎥=⎢ m
K ⎥
K pq + siq ⎥⎦ ⎢⎢
0
⎢⎣

⎡ K + Kid
pd
s
= ⎢⎢
0
⎢⎣

⎤
⎥
⎥ (16)
αc Rs ⎥
αc Lq
Km
+ s ⎥⎥
Km
⎦
0

0

where Km is gain of the voltage inverter.

C (iSdq_ref − iSdq ).

′ = F (i Sdq_ref − i Sdq )
uSdq

)

⎡ αc
ˆ = ⎢⎢ αc +s
GF
⎢ 0
⎣

The closed loop transfer function shows that the closed
system is composed of two independent and stable firstorder systems with negative real poles s = -αc.
According to the theory, we can write for the rise time of
the first-order system tr=ln(9)/αc. This means, that an
optional parameter αc specifies the desired rise time tr of the
controlled variable, and thus represents the bandwidth of the
system.
Now the question arises how to select the active damping
Ra. The active damping Ra reduces effect of disturbances E.
If this technique is not used, then the active damping will be
Ra = 0.
We can derive the transfer function of the controllers
from the equation (14):

Sdq

ˆ
CiSdq_ref − Ci Sdq + CGu
Sdq = u Sdq ,
−1

(

ˆ
G w = I + GF

−1

(13)

The control structure from figure 5 can be represented by
the equation:

(

)

ˆ
iSdq = I + GF

−1

(

)

ˆ
ˆ
GFi
Sdq_ref − I + GF

−1

ˆ
GE

(17)

where the second term on the right side of the equation
represents a transfer function of disturbances.
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We can derive the transfer function of disturbances:

(

)

ˆ
G u = I + GF

−1

⎡ s+α sL s+R +R
⎢ ( c )( d s ad )
ˆ
G=⎢
0
⎢
⎣

⎤
⎥
⎥
s
( s +αc )(sLq + Rs +Raq ) ⎦⎥
0

(18)
If we choose:

R a = diag (αc Ld − Rs , αc Lq − Rs ),

The figure 7 shows the controller response with standard
technique of decoupling at desired rise time tr = 2 ms and
with machine parameters listed in the chapter VIII.
We can see that the torque current component iSq (and
thus also the electromagnetic torque of the machine) is
controlled very quickly, accurately and without overshoot.
Also, both components of the stator current are without
significant relationships.

(19)

then the transfer function of disturbances is changed in the
following form:

G u = diag (

s
s
,
).
Ld ( s + αc ) 2 Lq ( s + αc ) 2

(20)

The result is a double pole of the disturbance transfer s =
-αc, thus the disturbances transfer is fast as transfer of the
closed loop Gw, which has a simple pole s = -αc.
Now we perform a small recapitulation. The parameters
of the controller are described by equations (Ra = 0):

K pd =
K pq =

αc Ld
αR
, K id = c s ,
Km
Km
αc Lq
Km

, K iq =

Figure 7. Simulation of current controller response to a step change in the
reference quantity iSq_ref, reference current components iSq_ref = 10 A (red),
iSd_ref = 0 A, real current components iSd (blue), iSq (green)

(21)

αc Rs
,
Km

The controller has a classical PI structure and includes the
block of decoupling. Using the active damping Ra for fast
removing the effects of disturbances, we can write for the
controller parameters:

K pd =
K pq =

αc Ld
α2 L
α L − Rs
, K id = c d , Rad = c d
,
Km
Km
Km
αc Lq
Km

, K iq =

αc2 Lq
Km

, Raq =

αc Lq − Rs
Km

(22)

,

Figure 8. Simulation of current controller response to a step change in the
reference quantity ωm_ref, real current components iSd (blue), iSq (green)

The structure of the controller is shown in Figure 6, where
Kp = diag(Kpd, Kpq), Ki = diag(Kid, Kiq) a Ra = diag(Rad, Raq).

Figure 6. Controller structure with active damping

V. SIMULATION AND EXPERIMENTAL VERIFICATION OF
CURRENT CONTROL LOOP
The theoretical assumptions were first verified using
computer simulations by software product MATLABSIMULINK and subsequently verified experimentally.

6

Figure 9. Current controller response to a step change in the reference
quantity iSq_ref, reference current components iSq_ref = 10 A, iSd_ref = 0 A, real
current components iSd (blue), iSq (red), mi = 2 A/div
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An important feature of the controller is its behavior to
jump of the disturbance. Such behavior of the controller
with proposed IMC method with active damping is shown in
figure 8. The disturbance is controlled very quickly,
accurately and without overshoot. The next step to verify the
described theory is an experimental verification on a real
drive. The figure 9 shows current controller response to a
step change in the reference quantity iSq_ref . The desired rise
time was chosen tr = 2 ms.
The figure 10 shows the time course of two stator current
components iSd, iSq at the reversal request (and thus also the
torque reversal). The desired rise time was chosen the same
tr = 2 ms. It is evident that the behavior of the real current
control loops coincides very well with the theoretical
assumptions and simulation results.

Volume 12, Number 4, 2012
For the design of the structure and parameters of the
controller, we can use the IMC method. The transfer of the
system is described as follows:

Gss ( s ) =

ωm ( s )

iSq ( s )

=

Kt
.
J tot s + B

(24)

From equation (24), we can derive for the controller
transfer:
αs B

α
α J s+B
K
αJ
K
GPIω ( s) = s Gss−1 = s tot
= K pω + iω = s tot + t .
s
s
Kt
s
Kt
s
(25)
How it can be seen, to calculate the gain of the integral
component, it is necessary to know the coefficient of friction
B. It is very difficult to obtain this parameter, which changes
also within operation of the drive. Therefore, we use so
called damping coefficient Ba as follows [24]:
B

*
iSq
= iSq′* − Ba ωm .

(26)

Now we can express the system transfer:
K

Gss′ ( s ) =

t
ωm ( s )
J tot
.
=
iSq′* ( s ) s + KJttotBa + JBtot


(27)

αs

Figure 10. Current controller response to a step change in the reference
quantity iSq_ref, reference current components iSq_ref = -10 A → 10 A, iSd_ref =
0 A, real current components iSd (blue), iSq (red), mi = 4,34 A/div

The result showed the effect of cross coupling in dynamic
conditions. However, the current peak does not exceed the
value 700 mA. It is necessary to remark that the technique
of decoupling (adding terms –Lqωriq and Ldωriq to the
outputs of the controllers) is not fully exact. On the contrary
the predicted rise time tr = 2 ms agrees quite accurately with
the real measured time.

It was chosen for simplification in equation (27):
αs =

Kt Ba
α J −B
B
+
⇒ Ba = s tot
J tot
J tot
Kt
α J

s tot  B

αs J tot
. (28)
Kt

Substituting damping coefficient Ba from equation (28)
into (27) we obtain the system transfer:
B

Gss′ ( s ) =

ω m (s )
=
′* ( s )
iSq

VI. SPEED CONTROL
Speed control can be realized by closing the speed loop,
encompassing the current control loop as shown in the
figure 1.
The torque current component is derived from superior
speed control loop. Also the speed control loop uses PI
controller for zero steady-state error between the reference
and the actual quantity. To create a feedback is necessary to
use a mechanical speed or position sensor. At sensorless
control, these sensors are represented by the estimated
feedback variables of speed and position resulting in the
elimination of the mechanical sensor [18]-[23].
The high bandwidth of the current control loop allows the
design of the speed controller with neglecting its dynamics
and design can only be done by the kinetic equation:
⎛
⎞⎟
d ωm
1
1 ⎜⎜ 3
⎟
=
⎜⎜ 2 Ψ PM p p iSq − Tz − ω m B ⎟⎟ ,
(Te − Tz − ω m B ) =
⎟
dt
J tot
J tot ⎜⎜ 
⎝
⎠⎟
Kt
(23)

≈

Kt
J tot

s+

⎛ α J − B ⎞⎟
⎟⎟
K t ⎜⎜⎜ s tot
⎜⎝
Kt
⎠⎟
J tot

=
+

B
J tot

Kt
.
J tot s + α s J tot

(29)

The final transfer of the control derived from the equation
(14) is described as follows:
GPIω ( s ) =

αs −1 αs J tot s + αs J tot
Gss′ =
=
s
s
Kt
αs 2 J tot

αJ
K
K
= K pω + iω = s tot + t
s
Kt
s

αJ
při Ba = s tot .
Kt

(30)

At the end of the chapter is again a small recap. If we
have the available friction coefficient B, we can calculate
the controller parameters as follows:
K pω =

αs J tot
αB
, K iω = s ,
Kt
Kt

(31)
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The controller has the classical PI structure. If accurate
information of the friction coefficient B is not available,
then the controller parameters can be computed according to
the relations:

K pω =

αs J tot
α2 J
αJ
, Kiω = s tot , Ba = s tot ,
Kt
Kt
Kt

(32)

The speed controller has the structure according the figure
6. The difference is that the current is replaced by the speed
and the block of decoupling is not included.
The total transfer of the system (control transfer and
disturbance transfer) is then given for the controller with
active damping by following equation:

ωm ( s ) =

αs
−s
ωm _ ref ( s ) +
T ( s ).
2 z
s + αs
J tot ( s + αs )

(33)

It is obvious that the sensitivity to disturbance (sudden
change of load torque) is again significantly better than the
standard structure with PI controller. The reason is double
pole of the characteristic polynomial.
VII. SIMULATION AND EXPERIMENTAL VERIFICATION OF
SPEED CONTROL LOOP

Figure 13. Simulation of speed controller response to a step change in the
load torque TL, reference quantity ωm_ref = 150 rpm (green), real quantity
ωm= 150 rpm (blue)

For smooth operation of the cascade control structure is
necessary for the current loop bandwidth αc that it is at least
5 times to 10 times greater than the bandwidth of the speed
loop αs (αc=(5~10) αs).
The speed response of the control structure according to
figure 1 with controllers designed by IMC method and given
machine parameters is shown in figure 11.
The time course has nearly zero steady-state error and no
overshoot. The figure 12 shows the time course of the motor
torque during transient action.

The designed structure of the speed controller was first
verified using software product MATLAB-SIMULINK and
subsequently verified experimentally [25].

Figure 14. Speed controller response to a step change in the reference
quantity ωm_ref (red), reference speed ωm_ref = 0 → 1000 rpm (blue), mω =
238 rpm/div
Figure 11. Simulation of speed controller response to a step change in the
reference quantity ωm_ref, reference speed ωm_ref = 0 → +500 rpm → - 500
rpm (green), real quantity ωm (blue)

Figure 12. Simulation of speed controller response to a step change in the
reference quantity ωm_ref, motor torque TM (blue)

8

Figure 15. Speed controller response to a step change in the reference
quantity ωm_ref (red), reference speed ωm_ref = -1000 → 1000 rpm (blue), mω
= 476,2 rpm/div
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An important property necessary for assessing the
performance of the vector controlled AC drive is its
behavior with the load changes (see figure 13). We can see
that the disturbance is controlled as fast and without
overshoot.
The experimental verification of speed control loop
during acceleration and speed reversal is shown in the figure
14 and 15. The desired rise time was chosen tr = 50 ms. The
time courses of the speed have very good accordance with
the theoretical assumptions and simulation results.
In conclusion, it should be noted that each controller is
limited on its output and equipped with so called the
antiwind-up effect.

Volume 12, Number 4, 2012

Thanks to the used IMC controllers, the entire AC drive is
stable and it has good dynamics and accuracy.

Figure 16. Time response of the motor speed ωm (blue), reference speed
ωm_ref = 0 → +1000 rpm → - 1000 rpm

VIII. EXPERIMENTAL LABORATORY WORKPLACE
The laboratory system consists of an electrical drive, DSP
control system and measuring equipment. The mechanical
part of the drive contains the IPMSM and a loading
induction motor. The IPMSM uses an incremental sensor
with 2048 pulses per revolution.
In the control system, a Freescale DSP 56F8037 digital
signal processor is used. The base board with the DSP also
contains a transducer of the serial line to USB; therefore,
communication and data acquisition uses the USB interface.
The program is loaded and tuned via the USB interface with
a USB TAP by Freescale.
The described control algorithms were simulated by
MATLAB-SIMULINK on the vector controlled AC drive
with the IPMSM. The controllers of quantities in the control
structure of the AC drive were adjusted accordance with the
following parameters of the used IPMSM:
• Nominal power Pn = 2.42 kW
• Nominal torque Tn = 7.7 Nm
• Nominal current ISn = 5.65 A
• Maximal demagnetizing current ISd = 26 A
• Nominal speed ωn = 3000 rpm
• Number of magnetic pole pairs pp = 2
• Nominal power Pn = 2.42 kW
• Voltage constant CV = 0.7 V/rad
• Longitudinal inductance Ld = 1.75 mH
• Transverse inductance Lq = 4.9 mH
• Stator resistance RS = 1.11 Ω
• Moment of inertia Ji = 17.41 kgcm2

Figure 17. Time response of the rotor angle ε (blue)

Figure 18. Time response of the magnetizing current component iSd (green)
and torque current component iSq (blue)

IX. EXPERIMENTAL RESULTS
In this chapter, the experimental results from
measurements on the real AC drive with the vector control
of the IPMSM at the speed control are listed. These
measurements are performed using a DSP Freescale and
application program Freemaster. In each period (100
microseconds) or its multiple is the desired value stored in
memory and then retrieved using Freemaster. This
procedure is very useful in developing algorithms and
analyzing the results. The reasons for such solution are only
two D/A converters contained in the DSP and limiting their
resolution to 12 bits. To view more than two time courses,
the courses will be processed using this procedure. The
figures 16-19 show the experimental results of the vector
control of the IPMSM using IMC controllers which were
measured on the experimental laboratory stand [25].

Figure 19. Time response of the stator voltage component uSα (green) and
stator voltage component uSβ (blue)

X. CONCLUSION
The paper deals with the design of the controllers which
are necessary for the vector control structure of the IPMSM.
To select an appropriate method for controller design, it is
necessary to define the basic requirements, for example the
speed control range, the accuracy of the current or speed
controls, etc. Only practical verification on laboratory
models or in practice determines clearly the suitability of the
chosen method. For the controller parameters design, the
IMC method was used which is described in the paper.
The described control methods were simulated using
9
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software Matlab-Simulink and then validated on the
laboratory model of the AC drive with permanent magnet
synchronous motor. If we compare the simulation results
with experimental results, we can clearly state that the
waveforms controlled variables, it means speed, torque and
magnetizing component of the stator current vector are
almost identical and express the good correspondence of the
theory, simulation and experiments.
The controller parameters had to be fine-tuned due to
inaccurate determination of machine parameters by the
manufacturer. The controller parameters were not changed
more than ±20% of the theoretical value.
The presented method has several advantages: (a) result
of the procedure is very fast and accurate transient without
overshoot, (b) very simple design in which only the
parameters of the controlled system (Rs, Ld, and Lq) and
desired rise time of the controlled variable tr enter.
For the development of the modern control techniques for
AC drives with the IPMSM, an experimental laboratory
stand with active load unit was realized which allows a
simple change of load for testing electrical drive in the static
and dynamic states. The active load unit is realized as the
vector controlled induction motor drive which allows
choosing different load characteristics, for example the load
with constant torque, fan and lift characteristics. The control
algorithms were realized by microprocessor control system
with DSC Freescale 56F8037.
The paper is one of the possibilities of the IPMSM motor
vector control and shows the basic advantages and
disadvantages of the used IMC method.
The AC drive with the realized speed and current
controllers gives good properties in steady state and also in
transient states.
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