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Features of Tuning Strategy for Field Oriented
Control of PMSM Position Drive System with
Two-mass Load
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Abstract— This paper presents technique to tune the controllers
for Field Oriented Control (FOC) of position servo drive system.
Permanent magnet synchronous motor (PMSM) is used as a motor
for this tracking system. Two algorithms of vector control (VC) are
considered: Field Oriented Control (FOC) based on current model of
motor and FOC based on voltage model of motor. Each algorithm
determines the type of inverter and the structure of control scheme. In
common motor and plant in this position tracking system are
represented as two-mass load. Considered methods of tuning the
controllers employ a simplified model of the motor and plant.
Comparison of these FOC-algorithms is given in paper. A computer
simulation shows the validity of the proposed algorithms.
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[. INTRODUCTION

UE to their high efficiency and their simple design,

permanent-magnet synchronous motors (PMSM) have
been widely used in many industrial applications, particularly
in the systems of precision movement and positioning of
telescopes. These are two-mass systems that have low torsional
resonance/anti-resonance frequencies because of low stiffness
in the flexible shaft between a motor and load [1, 2]. So it is
necessary to take into account when tuning the controllers in
these systems.

In these systems PMSMs are often confronted with all kind
of disturbances. These disturbances may arise by internal or
external factors, for instance, friction force, working
temperature and load disturbances.

Additionally, the dynamic model of a PMSM is highly
nonlinear [3]. All of which makes it difficult to control.

There are some algorithms for control PMSM [4]. In
classical control methods PI controllers are used in the
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position, speed and currents control loops [5]. Many variations
and improvements have been made based on this control
strategy. One way is the addition of the adaptation loop with a
reference model to the basic system control loops [6]. Another
method is intelligent control that uses Fuzzy controller [7] or
Neural-Network controller [8]. However, these methods don’t
consider the cross-relation between the outer and inner control
loops, which essentially limits its performance.

It is known that the PMSM Vector Control (VC) allows one
to obtain a dynamical model similar to the DC machine.
Vector control is a precise control method for both steady-state
and transients. The first and most popular VC method is Field
Oriented Control (FOC). This method is based on decoupling
control of torque and flux [9, 10]. Therefore, this method
allows for taking into account the nonlinear dynamics of the
drive. Also, field-oriented control applies for high-
performance motor applications, which can operate smoothly
over the full speed range, can generate full torque at zero
speed, and is capable of fast acceleration and deceleration.

The vector control system with a pulse-width modulated
(PWM) inverter uses FOC based on voltage model of motor.
The vector control system with a Current-Regulated pulse-
width modulated (CRPWM) inverter uses FOC based on the
current model of motor. So the type of inverter determines the
structure of control scheme.

The aim of the paper is the methodology of controllers’
tuning for both FOC-strategies and their application in
tracking systems.

Research was conducted by mathematical modelling using
an interactive environment for scientific and engineering
calculations MATLAB/Simulink.

[I. MATHEMATICAL MODEL OF PMSM
The mathematical model of the PMSM is [3] :

dyg
Ug =1 Rg +——;
=5 SS dt
Vg =Lgig+Vps 9]
T, == P-mod(ygxig)

The model (1) necessary to add to mechanical equation,
which is defined as:
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where J is the inertia of the motor and coupled load, 7; is the
load torque, B is the friction coefficient and Q =/ P is the
mechanical angular speed, @ is the electrical angular speed.
The model of the PMSM in a stationary frame is discribed
by following equations:

di
gy = Ryigo, +Lg %?—QP\V,, sin B

[3 SSB B —=+QPy,. cos0,; 3)

3 . .
T, = EP\V,, (—zsa sin 8, +1SB cos@ej

where ug, , Usf » gy and i s are respectively the motor
voltages and currents in a-f coordinates. Regarding the motor
parameters g, ;. are respectively the flux of stator and the
flux of the permanent magnet, P is the number of pole pairs,
Ry is the stator resistance and Ly is the stator inductance. T, is
the electromagnetic torque, 0, =P-6, 0 is angle of vector

flux y,. and angle of rotor roration.

The model of PMSM in a stationary frame is shown in
Fig.1.

The considered electric drive is constructed on the basis of a
three-phase PMSM, controlled by transistors of the inverter
using signals of position sensor. This optical encoder provides
measurement of the angle of rotation and speed. The currents
in motor windings are measured by current sensors.
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Fig.1. Model of PMSM in a stationary frame

Generalized structure of PMSM with load shown in Fig.2
is used to calculation controllers’ coefficients.

ISSN: 1998-4464

Volume 10, 2016

1/R,

T

7 Q
i g A | —>1/Js [T

v
1/s
0

Fig.2. Generalized structure scheme of PMSM with load

III. TWO-MASS LOAD

Analysis of the position drives, robots, and other high-
performance drive leads to the conclusion that they can with
sufficient accuracy be described by a model of a two-mass
system with elastic coupling, and, if necessary, with the
nonlinear friction and backlash. In our case, the kinematic
scheme of the mechanical part of the drive system can be

represented as shown in Fig. 1
g Tn T12 /2

Fig.3. Kinematic scheme of the engine load, where 1 — the input side
of the motor shaft driven by electromagnetic torque, 2 - the output
side with controlled plant, 3 - torsion spring with stiffness coefficient
c12 and damper 4.

Two-mass mechanical system comprises a lumped inertia
of motor Jq and a load J; coupled by a inertialess shaft with
finite stiffness. The movement of both masses is described by

angular speed Q;, QZ and angles 91, 0, , respective.

2 9

The drive system affect following torques (Fig.4.):

- load torque which is called "dry friction torque"
Tll = TLl -sign(Ql) , T2 = TL2 -sign(Qz) .

- torque of elastic coupling 7>

Ju(®)

- wind load torque TW =

1/Js

[0 T 0)

w?

Q,

Fig.4. Block scheme of the two-mass load
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Q
Bode plot of transfer function G,(s) :A_;" that describes

two-mass load is presented in Fig.5.
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Fig.5. Bode Diagram for two-mass load

Bode plot clearly shows resonance frequencies related to
poles and zeros of the transfer function G, (s) .

Cryy + )
7179

- mechanical

In particular QO =
resonance frequency of two-mass load. The existence of this
frequency limits system response and must be taken into
account when tuning the speed loop.

For calculation of controllers’ coefficients, two-mass load is
replaced to one-mass load as shown in Fig.2. Here J =J1+J5.

IV. FIELD ORIENTED CONTROL

The dynamic model of the PMSM presented in a rotating d-
q frame fixed to the magnetic axis of the rotor is described by
the following equations [3]:

wsd:LSisd+‘Pr “4)
Vsg = Lsisq &)
' disd '
uSd = RSlSd +LS T_OJLSZSC] (6)
) dig .
usq :RSZSC] +LS7 (D(lesd +\Ijr) (7)
3 ) .
QZEP“%JW‘WWhﬁ ®

where v, Wsq » Usd » Usq » isd and [gq are respectively the
motor fluxes, voltages and currents in d-¢g coordinates.

In order to understand the torque production, (8) can be
rewritten to obtain an expression of the torque as a function of
the stator flux and the PM flux:
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It can be seen from (9) that the torque produced depends on
the amplitude of the stator flux, the PM flux and the angle &
between both fluxes. It can also be concluded that maximum
torque is produced when the angle between both fluxes is 90
degrees.

The principle of FOC is using rotating vectors (or phasors)
in a complex coordinate system. Similarly to the IM, in the
PMSM a decoupled control of the torque and flux magnitudes
can be achieved, emulating a DC motor, by means of the FOC
strategy. The magnitude and the phase of the controlled
current are changed [10].

This is done using the d-q transformation that separates the
components d and g of the stator current responsible for flux
and torque production respectively. Due to the presence of the
constant flux of the permanent magnet, there is no need to
generate flux by means of the ig; current, and this current can
be kept to a zero value igy =0, which in turns decreases the
stator current and increases the efficiency of the drive [11].

Fig. 6 describes the equations (6), (7) in the form of a vector
diagram.

T, 5 ©)

Fig.6. Vector diagram in rotating d-g frame

The fact that the torque can be controlled by means of i
comes from the following simplification of (4),(8), valid for
Surface Mounted (SM) PMSM:

T,=3py

2
where C, =3P/2

=GP, (10)

risq isq

V. MAGNITUDE OPTIMUM (MQO) AND SYMMETRIC OPTIMUM
(SO) TUNING METHODS FOR PID CONTROLLERS

In order to receive a reasonable control performance it is
necessary to control the parameters of the PI controllers
included in the FOC scheme. It is well known two methods of
parametric optimization: the MO and SO criterions. These two
methods employ an approximate transfer function of the
system to be controlled. Several parameter identification and
mathematical modelling of the system are consequently
needed. The MO method expects the system’s transfer
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function in open loop of the following form:

G(s) = 1
2T,s(1+7,s)

The SO method assumes the system’s open loop transfer
function as follows:

(11

4T, s +1
8T,s(1+T,s)
The transfer functions system for the MO and SO in closed
loop are present in evaluates (13)-(14) respectively:
1 o1
2T s> +2T,s+1 2T s+1
4T,s +1
3.3 2.2
8T, 's” +8T,"s" +4T,s+1

G(s) = (12)

G(s) = (13)

G(s) = (14)

where T, is sum of all small delays in loop. Also 7, needs

to be much smaller than the time constant of the system. The
step response of both transfer functions in closed loop
including the PI controller designed using the MO and SO
criterions is as shown in Fig. 7. Table I presents the main
features of the step responses obtained with both methods.

1.5

a5l ............. ............ ............ L i

0& 0s

114(s)

Fig. 7. MO and SO characteristic step responses

Tab. I. Step responses for MO and SO methods

Optimum
MO SO
Parameter
Rise time 4.7T, 3.17,
Settling time (2%) 8.4T, 16.5T,
Overshoot 4.3% 43.4%
Phase Margin 65.5° 37

If both methods are compared it can be said that the SO is
faster regarding disturbance rejection, which makes it suitable
for external control loops. On the other hand MO has a smaller
settling time and lower overshoot, which makes it appropriate
to have quicker and more accurate inner loops.

VI. FIELD ORIENTED CONTROL BASED ON VOLTAGE MODEL OF
MOTOR

The control scheme of the FOC strategy based on voltage
model of motor (6)-(7),(10) is shown in Fig. 8
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Fig. 8. The control scheme of the FOC strategy in the system with
PWM inverter

For control of position servo drive system, it is proposed to
use a four-loop cascade control structure with a position loop,
speed loops and currents loop.

Block abc—dq is used to transform real currents of
windings i, ip, i, t0 igg isq , which are dc quantities in the
synchronous rotating frame:

sd\f

lsg = \/,[zsa cos(0, + )+z

Block dg—abc performs the inverse transformation.
The compensation block of cross-relation (BC) provides
the following signals:

[igq sin(0, + )+z s1nee]

(15)

cos Iy ]

1 .
sd =g ©Lslsg

INV
m(LSiSd +‘P,,)

A. Current loop (isq control)

(16)
usq B INV

Fig. 9 shows the block diagram of the current control in
closed loop.

i :
s Q Kpw | Q> VR | ta
= Tpwp +1 + T.p+1
1L L1,
KINV

Fig. 9. Current loop block diagram

Current loop is tuned with help PI controller on magnitude
optimum with the time constant T},t_i 4 =T INV related with

the delay of inverter according to the expressions:

Kp id ~ L /2K1’\/VK17}NV
- (17)
KI id _R /2KINVK TINV

- amplification factor of the inverter, K, -

where K.
inv
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feedback coefficient. based on voltage model of motor is shown in Fig.14.
So system’s close loop transfer function:
1/ K[ 1/ K[ VII. FIELD ORIENTED CONTROL BASED ON CURRENT MODEL OF
G, (s)= ~ (18) MOTOR

2T1§Vs2 +2T1Ws 1 2T1Ws +1
' ' ' The structure of the FOC strategy based on current model of

B. Current loop (i, control) motor (10) is shown in Fig. 11. This FOC strategy is realized

In order to tune the PI current controller in g axis, it can be with help Current-Regulated pulse-width modulated
followed the same procedure described, but in this case using (CRPWM) inverter.

S 1 . . . Q
compensation signal u =—c0(L i ,+Y¥Y ) So i i, u, 11 ©
4 KINV s Sd d 9 converter [~ ORE > > — |
. . . dgsabc| ! » ] u, PMSM N

current loop is tuned with help from the PI controller on i, — % g
magnitude optimum with the same values for Kp iq Ky iq > le il

(see Equation 17).

C. Internal and external speed

v |~

Taking into account the Expression 10 and transfer function

P
*
1
of inner current loop (18), one can obtain a block diagram of o g; ) @,7
*
PI

speed loops that is shown in Fig. 10

QF 1 Q ;477 K, |«
i A D
i T ©
A
Fig.11. FOC with Current-Regulated pulse-width modulated
(CRPWM) inverter
Fig. 10. Speed loops block diagram The principle of operation of the CRPWM inverter and
Inner speed loop is tuned with help P controller on transient process in it are shown in Fig.12 [11, 12].
exponential process with the time constant T, nos> 2T1 . @+
_ v VTt | D1
Kp (=W+J)K [(CpT - (Kp) (19) A& |
where Tu_s =1/ (ZQOr) is determined from the P Relay fa
) jq}& —» 3| T
implementation of the bandwidth QOr < QO / 4\[\(3 , = Tvrz| po
Y=g+ )0, —t. &I
The magnitude optimization method is used for tuning
external speed loop using / controller with coefficient: =
K[_S=1/(2T“_S) (20)

D. Position loop Fig.12a. The principle of operation of the CRPWM inverter

Symmetric optimization method is used for position loop of
control scheme with the Pl-controller. Coefficients of PI
position controller are determined as:

Kp g=Kg/(4T = Ky

K; g=Kp ¢/@T, )

The transfer function of the closed loop position control in
accordance with the configured controllers is:
9 (4T, +7)

979 (8T3s° +8LLs +4T,s + DK,

21

(22)

where T},l :2Tp_s .

Fig.12b. Transient process in the CRPWM inverter

The result of simulation of four-loop FOC system of PMSM
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If the CRPWM inverter is ideal or has sufficiently large Fig. 14. shows the closed-loop response in FOC PMSM

switching frequency that i, = i;, ib = il;’ i = 1'2 and the system to the step reference signal and step load torque. The
processes in the FOC with PWM inverter and in the FOC with

CRPWM inverter have have close value of response.

Overshoot can be reduced by using a filter with transfer

structure shown in Fig. 11 is transformed to the structure in
Fig. 13. In this Figure PMSM is presented by current model of

motor which is a part of voltage model of motor in d-¢ 1
coordinates with condition 7z =0. function G, (s) = .
sd Jilte ( ) 47LS+1
iw.s . T il [P
a P 005 e ..l;,'. i
12b 4 0% e : .
16 18 2
Fig.13. Equivalent structural scheme FOC with CRPWM inverter 1
Coefficients of PI position controller and P and 7 speed B S
controllers are determined based on the structure of Figure 13 I AR NN N S N
according to the expressions:
- internal speed loop with P controller (exponential process D4l ! 1
|
with the smaller time constant 7, B s ): : ; .
KP1 § = 27/ @PY KT, ) (23) : :
_ " ‘ ; ; ‘
-external speed loop with / controller (magnitude ’ . k " : ” )
optimum): . . . .
K —1/@r ) ( 24) Fig.14. Transient processes in the FOC system with CRPWM
n s [T inverter 2 and in the FOC system with PWM inverter 3, 1 - reference
-position loop with PI controller (symmetric optimum): position signal, 4- load torque
KP1 0= KQ /(4T SKG) Fig. 15 gives the result of the position regulation which
- H_ . (25) 1illustrates tuned controllers can provide good control to realize
K 1.0 =K P10 /(8T no s) the tracking to desired angle position in two-mass system.
The transfer function of the closed loop position control is 8005
the same as Wg(s) in expression (22). n
VIII. SIMULATION EXPERIMENTS 002

This section shows the results regarding the tuning
controllers in presented FOC algorithms. Simulation
experiments have been carried out using interactive
environment for scientific and engineering calculations
MATLAB/Simulink.

The parameters of the PMSM are given in Tab.II. The
simulation results are shown in Fig. 14-15.

5 10 15 0 E 0 i(s)

Table II. Parameters of motor and load Fig.15. Tracking mode in the two-mass FOC systems, where 1 —
Output Power (P,) 3265W reference position signal, 2 — position signal in FOC system with
Supply voltage (U) 540 V current-regulated-PWM inverter, 3 - position signal in FOC system

ith PWM i t
Number of pole pairs (P) 48 A fverter
Nominal Torque (7,) 345 N'm
Nominal Current (/,) 11,3A IX.  CONCLUSION
Stator resistance (Ry) 2.6 Ohm The paper presents a description and comparison two vector
Stator inductance (L) 26.2 mH control strategies for PMSM drives: FOC in the system with
Permanent Magnet Flux 0,52 Wb current-regulated-PWM inverter and FOC in the system with
g Yy ,

The inertia of motor (J;) 5,31 kgrm® PWM inverter and their use in the tracking servo drive system.
The inertia of plant () 1596 kg'm* A step by step method of controllers’ tuning is given. In
Stiffness coeff. c1 3,9- 107 N-m/rad position tracking PMSM servo drive system position loop and
Load torque (7) 100 N-m two speed loops are used. Internal speed loop is tuned to
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provide the bandwidth QOr < QO / 4\/ y3 related with

mechanical resonance frequency of two-mass load.

The simulation results have been given based on the tuned
controllers that show the good position regulation performance
on tracking the desired position of PMSM.
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