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Summary This paper presents the experimental evaluation of a commonly used methodology to tune the PI regulators of the Field
Oriented Control (FOC) strategy for Permanent Magnet Synchronous Motors (PMSMs). The methodology used is based on the
Absolute Value Optimum (AVO) and Symmetric Optimum (SO) criterions. These methods employ a simplified model of the plant to
be controlled. Due to the complexity and non-linearities present in the FOC PMSM drive some divergence between the ideal
response and the real results will occur. In this paper a comparison between simulated and experimental results is carried out to
evaluate the goodness of the solution obtained. The divergences observed between simulations and the results obtained in the
experimental setup are shown and it is attempted to justify the causes of them. Overall it is concluded that the method provides a
satisfactory initial commissioning of the PI regulators for the drive system under study.

1. INTRODUCTION

PID regulators are widely employed in industry due to

their satisfactory behaviour in most of the control

applications. One of the most important engineering
tasks during the commissioning of control system is the
parametric optimization of the regulators to obtain the

desired control response [1].

Different methods can be employed to perform the

tuning of the PID regulators. A possible classification of

these methods can be as follows:

e Experimental methods based on the identification of
certain response characteristics of the system. The
Ziegler-Nichols open and closed loop methods are an
example of these methods [2].

e Mathematical model based methods. These methods
employ a mathematical model that approximates the
behaviour of the system [1, 3, 4].

e Optimization techniques. By means of a merit
function that can be evaluated in a test, a number of
solutions consisting on different sets of parameters is
evaluated. At the end the best-performing solution is
found. Different techniques can be used to perform
the search of the best solution [5, 6].

In the field of electrical drives PI regulators are also

employed for motor control. The structure and an

equivalent transfer function of this controller are shown
in Fig. 1. The variables to be controlled are generally
position, speed, torque, current or voltage. The fact that
the measurement of these signals can contain
considerable noise makes the PI structure without the
derivative part more suitable. One example of
application where PI regulators are employed is the
FOC strategy for PMSM drives.

Fig. 1. PI controller structure and transfer function

This paper presents the application of two popular
methods for tuning the PI regulators of the FOC PMSM
drive: the AVO and SO criterions [3, 7]. The model of
the PMSM is presented together with the FOC control
scheme. The AVO and SO criterions are explained and
applied for the system under study. Finally some
simulated and experimental tests are performed in order
to evaluate the solution obtained.

2. PMSM FOC

The model of the PMSM in a rotating d-g frame fixed to
the rotor is given by the following equations:

Va = Lsdisd +¥ (1)
l/lxq = quisq 2
di
Vsd = R.vixd + Lxd lx; - a)rquisq (3)

. disq .
Vo = Riig, + L, - T (Lyisg +¥) 4)

Fe = % P (y/sd i‘vq - ‘//sqisd ) ®)

where W, Vs Via»Vsqoisa and i, are respectively

q

the motor fluxes, voltages and currents in d-q axes; @,

is the electrical angular speed, I', is the electromagnetic
torque, W is the flux of the permanent magnet and P is
the number of pole pairs. R, is the stator resistance and
the stator inductance can be divided into two different
components Ly, and L, due to the particularities of

the PMSM. The model is completed by the mechanical
equation, which is defined as:

dw
JT’":FE—FI—B((),” (6)
o, = Pa, )
where J is the inertia of the motor and coupled load, T,

is the load torque, B is the friction coefficient and w,, is
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the mechanical angular speed.

Similarly to induction motors, in PMSMs a decoupled
control of the torque and flux magnitudes can be
achieved, emulating a DC motor, by means of the FOC
strategy. 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
[8]. Due to the presence of the constant flux of the
permanent magnet, there is no need to generate flux by
means of the iy current, and this current can be kept
equal to zero value, which in turns decreases the stator
current and increases the efficiency of the drive. The
control scheme of the FOC strategy is shownin Fig. 2.

Fig. 2. FOC control scheme of PMSM

The control system is divided into three different loops:
the d loop, which controls the flux, the g loop, which
controls the torque and the speed control loop. The d
loop performs the control of i, with a current PI
regulator. The reference value is 0. The g-axis control
system contains two control loops in cascade. The inner
loop controls the torque by means of controlling i,, with
a current PI regulator. The fact that the torque can be
controlled by means of iy, comes from the following
simplification of (5), valid for Surface Mounted (SM)
PMSM:

I, =3P, (®)

The reference for this inner loop is given by the outer
loop, which contains a speed PI regulator.

From the voltage equations of the PMSM model (3) and
(4) it can be seen that d and g axes are not completely
independent and there are coupling terms which depend
on the current from the other axis. To achieve
completely independent regulation it is necessary to
cancel the effect of these coupling terms at the output of
the current PI regulator. With the use of decoupling it is
achieved the linearization of the control system as well
as higher dynamics. This decoupling action can be seen
in Fig. 2 [9, 10].

3. PI TUNING WITH THE AVO AND SO
CRITERIONS

In order to obtain a satisfactory control performance it is
necessary to adjust the parameters of the PI regulators
included in the FOC scheme. In the field of electrical
drives two methods are frequently employed in this
parametric optimization: the AVO and SO criterions

[3, 7]. The AVO criterion can be applied to design both
current regulators, while the SO can be employed to
design the speed regulator shown in Fig. 2 [3]. These
two methods employ an approximate transfer function
of the system to be controlled. Some modelling and
parameter identification of the system are therefore
needed.

The AVO method assumes the system’s transfer
function in open loop of the following form [1]:

G(s) = S S
275 s(1+ 755)

©)
On the other hand, the SO method considers the
system’s open loop transfer function as follows:

1+47gs
87257 (1+ 7y5)

G(s)= (10)

where 7y is sum of all small delays in loop. Both
methods can be applied when the 7y is much smaller

than the time constant of the system. The step response
of both transfer functions in closed loop incorporating
the PI regulator designed using the AVO and SO
criterions is as shown in Fig. 3. Table 1 presents the
main features of the step responses obtained with both
methods.
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Fig. 3. AVO and SO characteristic step responses

Tab. 1. Step responses for AVO and SO methods
AVO SO

Rise Time 4.7ty 317y

Settling time (2%) 847y | 1657

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 the speed loop. On the other hand AVO has
a smaller settling time and lower overshoot, which
makes it appropriate to have quicker and more accurate
inner loops [3].
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a) Current loop PI (iy; and iy, control)

In order to design the regulator an approximated transfer
function has to be defined according to the AVO
criterion. First of all, the existing delays in the system
need to be taken into account. These delays in the case
of a motor drive are due to the digital implementation of
the control (which implies the sampling of signals), the
use of filters, the processing of the control algorithm
and the use of Pulse Width Modulators (PWM). Fig. 4
shows the block diagram of the current control in closed
loop with all the delays considered.

PI regulator ~ Processing delay ~ VSI Motor

Kyirist1d 1 1 1 s
=T 1—iz [2)s RU1=(L /R s

i
1l

1 1
s .
Lizrs| |1=iT2s

Current filter  Sampling
Fig. 4. Current loop block diagram
To make it possible to apply the AVO criterion, the

feedback delays must be transferred to the forward path.
The resulting block diagram is shownin Fig. 5.

» 1 Ko fs=10 1 1 sy
1-01 /2+4})s T 1-(27 —7}is Ri1-(LIR)s)

Fig. 5. Simplified block diagram of the current loop

The following approximation can be made due to fact

that 7, = z’}i" :

1

G(s)= -
A+7s)1+ (7, /2)s)A + (7, /2)s)(1+ z’}“’ s)

(11)

G(s) =G (s) SN (12)

1+, +7)s

In order to adapt the transfer function to the definition
of the AVO method, the PI regulator time constant has
to be equal to time constant of the plant. This in turns
will decrease order of open loop transfer function.

g (13)

i _ 1 _ 1
MOES _(14)

i - i.\ lS
Lo v ey 2507

P

Finally the values for kij" and kfw can be calculated as

follows:

ol =27, 47 kY =— kY =—— (I5)

The resulting closed loop transfer function is of the
second order type. Because second order transfer
functions can be approximated by a first order transfer
function with the same settling time, the inner loop can
be approximated as follows:

1

i _
Gclz)se (S) - i
1+275"s

(16)

In order to tune the PI current regulator in d axis it can
be followed the same procedure described, but in this

case using the inductance ind axis L, .

b) Speed loop PI

The speed loop is designed by means of the SO method.
As in the current loop, the speed loop contains some
delays that need to be defined. For this loop, it is
common to use a sampling time ten times higher than
the sampling time of the current loop. Fig. 6 shows the
transfer function of the speed loop with all the delays
considered and incorporating the inner g axis current
loop transfer function defined in (16).

Current control and motor

PI regulator  Processing delay

Kyals i 1 1 N
s LiTys [=T /247y G

12 wls
Sampling and speed filter

Fig. 6. Speed loop block diagram

A similar design process as in the AVO method is
followed to adapt the transfer function to the SO
criterion in the speed control loop. For simplicity the
load torque and friction terms are neglected. The
simplified block diagram passing the feedback delays to
the forward loop and grouping all the delay is shown in
Fig. 7.
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Fig. 7. Simplified speed loop block diagram

The sum of all delays in the forward loop 7y is defined
as:

3 i i T
o =Ez""r +T 20 - —?“ (17)

s
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and the resulting open loop transfer function has the
appropriate form to apply the SO method:

G¥ (5)= 1+7%s _ 1+47 s
e ., ° 8(r2 Y s> (1+ 75 s)
JWS (1+TZ’S)
p
(18)

Finally the values of the regulator can be obtained as
follows:

J k(u,.
O =4 kY =—— k" =L (19)

O T 3pil ™
4. SIMULATED AND EXPERIMENTAL

RESULTS

The methods described in the previous section have
been employed to tune the iy; and i, current regulators
(AVO criterion) and the speed regulator (SO criterion).
The resulting PI regulators have been tested using a
simulation model and also an experimental setup. The
experimental setup consists on a Siemens 1KF7 PMSM
with the characteristics shown in Table 2, a Danfoss
VLT5006 power converter and a DSPACE DS1103
control board.

Tab. 2. PMSM characteristics (Siemens 1KF7)

Nominal Output Power (P,) 2135W
Nominal Speed (w,) 3000rpm
Nominal Torque (M,) 6.8Nm
Nominal Current () 4.4A
Number of pole pairs (P) 4
Stator resistance (Ry) 1.09Q
Stator inductance (L, and L,,) 0.0124H
Inertia (J) 4.15¢* Kg-m?®
Permanent Magnet Flux (¥ ) 0.1821Wb

The resulting set of control parameters calculated are
shown in Table 3.

Tab. 3. Calculated PI parameters

] Output
PI regulator kp ki Saturation
i 886 | 77186 | 2V2I,
iy 886 | 7786 | 2v2I,
v
- 00w | a1 DV
, 0.093 3.18 15

Some additional information regarding the control is
shown in Table 4.

Tab. 4. Additional control parameters

Sampling time of current ( 7, ) 100us
Sampling time of speed ( 7 ) Ims

DC-link Voltage (Vi) 38042

Current filter time constant 500us
Speed filter time constant Sms

The first test performed consists on the speed step
response. A comparison between the ideal response
obtained employing the AVO method and the simulated
and experimental results is shown in Fig. 8. It can be
seen that simulated and experimental results are very
similar. In both cases the overshoot is smaller than the
ideal response. This is due to the friction term of the
mechanical equation (6) that increases the damping of
the system. It can be also appreciated the noise present
in the experimental response and a higher settling time.

speed [rad/s]

I ]
I I
1 3 3 1
1.05 14 1.15 1.2 1.25 1.3
time [s]

Fig. 8 Comparative step responses
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The next test implemented is a speed profile which
performs a speed reversal. Fig. 9 and Fig. 10 show the
simulated and experimental results. The variables
shown are the motor electrical speed (®,), the currents
(i5a and i,,), and two phase currents (iy, and i).

The simulated and experimental results are also very
similar for the speed profile test. These results illustrate
a satisfactory tracking of the speed profile. The load
torque in this test is only due to the friction. It can be
seen how the iy, is kept to zero except for the transients
where some current peaks are produced.

Figures 10 and 11 show the simulated and experimental
results respectively to the tracking of an i, profile. For
this test the speed PI is eliminated and the reference for
isq 1s given by a profile which includes a torque reversal.
It can be seen that the experimental results present more
oscillation and distortion caused by the noise of the real
system and the operation of the power converter.
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time [s]

1.5

04

Advances in Electrical and Electronic Engineering

AfF----

[s/pe] im [v] bsi [v] pst [v] qs‘es! <

time [s]
Fig. 11. Experimental results for the i, profile test

Fig. 10. Simulated results for the i, profile test
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The final test presented has been carried out only in
simulation to illustrate the effect of the load torque on
the speed response. It can be seen that increasing the
load torque results on a bigger rise time due to the
saturation of the speed PI regulator outputs. The level of
the saturation therefore influences the response time of
the speed loop. Fig. 12 shows the speed response with 3
different levels of load torque.
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Fig. 12. Comparative step responses for different load torque
conditions

5. CONCLUSION

This paper presents the experimental and simulated
performance of the PI tuning AVO and SO methods
applied to a FOC PMSM drive. The procedure to obtain
the parameters of the PI regulators has been described
for this application. The results of the different dynamic
tests presented show a satisfactory control response for
the speed and current loops. Overall the tuning methods
employed seem to provide a valid solution for the initial
commissioning of the drive system under study.

In addition the simulation model employed has proved
to be very accurate and the similarity with the
experimental results is very high. Any divergences
observed between simulated and experimental results
are due to: noise in the real setup, inaccuracy of the
motor and load parameters and the operation of the
converter.
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