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Abstract: Position tracking systems for AC drives offering high robustness to external load torques
have been presented. A triple-loop cascade control structure was employed where the inner loop is
a stator current control loop and the middle loop is a speed control loop based on the forced dynamic
control and respecting vector control principles. Two alternative outer position control loop designs
both of which respect prescribed dynamics and settling time of position have been developed. The
former system prescribes also time constant of the speed control loop while the latter one respects time
constant of speed control system developed independently. To enhance the tracking abilities of both
control systems the dynamic lag pre-compensator has been included. Case studies of the both position
control systems for time near-optimal control and energy near-optimal control have been presented.
The tracking performances of the designed control systems were assessed based on comparisons of the
experimental responses with the simulated responses of the ideal closed-loop system.

Keywords: position control, AC drives, vector control, forced dynamics control, observer

1. INTRODUCTION

The position control system for AC drive presented here is intended to operate in
forced dynamics control (FDC) [1] respecting field oriented control (FOC) principles
[2] and providing better robustness due to exploitation of load torque estimation from
observer for the development of position control strategies.

The inner loop is a form of bang-bang control loop in which the stator currents are
made to follow corresponding demands as closely as possible by switching the power
electronic switching states to an appropriate value. The effect of this is similar to the
hysteresis controller but the hysteresis element is unnecessary because the maximum
power electronic switching frequency is automatically limited to 1/4, where 4 is the
achieved iteration interval of the micro-processor implementation. Thus, the motor is
current fed and this eliminates the stator time constant from the problem of designing
the middle and outer loop controllers.

*Manuscript received: May 15, 2017; accepted: July 4, 2017.
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The middle loop controller controls the rotor speed using the FDC law, which causes
the motor speed, @, to follow the speed demand, ®/,, from the outer loop controller

with a linear, first order dynamic lag having the time constant of 7. Since the middle
loop controller is model based the closed-loop performance may be affected by errors
in parameters estimates as well as in estimate of external load torque, /;. The robustness
of the speed control system against uncertain parameters and external load torques can
be substantially improved by exploitation of a model reference adaptive control (MRAC)
loop based on prescribed dynamics for this loop.

FDC speed  Kinematic

6. control integrator
iy ! . .
. > P
ard Position D, ; | Precom- | "4 ." 0,4 1
—| profile > > P
E. . pensator 1+sT
generator i, A o
0, res
I, T I

Load
torque
observer

Fig. 1. Position control of AC drive with FDC of rotor speed

The purpose of the outer loop controller is to form prescribed time function of posi-
tion response, () together with corresponding state variables, acceleration, &:(f), and
angular speed, w.(f). The simulation results and preliminary experiments already ob-
tained suggest that this control method for converters with higher switching frequencies
could form the basis for a new generation of drives with improved performance. The
control system has a cascade control structure, as shown in Fig. 1.

2. POSITION CONTROL SYSTEM DESIGN

As the position control system has nested control structure, the brief mathematical
description of induction motor (IM), permanent magnet synchronous motor (PMSM)
and speed control loop design precede design of the two alternative outer loop position
controllers, both employing high gains to obtain the robustness.

2.1. MATHEMATIC DESCRIPTION OF AC DRIVES

Mathematical models of AC motors respecting FOC principles are described with
differential equations in a matrix form. IM model consists of stator current vector, I,
rotor flux vector, W, rotor speed, @. and rotor position, &, formulated in the coordinate
system rotating in arbitrary speed, ax, is:
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I= cl[U— a1l +c2P(a)r)‘I’]+pa)kTTI (1)

¥=cI-P(o)¥+poT"¥ ()

where I”=[1 1] is the stator current, U” = [uq u,] is the stator voltage, W7 =[¥)p %] is
the rotor magnetic flux vector. The constants are given as: ¢; = L/(LiL, — L), = Lu/L»,
¢3=RJ/L.= 1T, c4=Ln/T,, cs=1.5pLy/L,and a1 = R_+ R (L., /L’), where L, L, and Ly,
are the stator and rotor inductances and their mutual inductance, respectively. R, and R,
are the stator and rotor resistances, @. is the mechanical rotor speed, and ax is the arbi-

trary chosen angular speed valid for reference frame rotating at ax. Matrices P(@,) and T
are defined as:

P(a)r)z{ “ pa)r}andeﬁ _01} 3)

- p a)r C3

Similar way the state model of PMSM consisting of vectors: stator current, I, stator
flux, P, rotor speed, @, and rotor position, 6., formulated in the rotor-fixed d ¢ coordi-
nate system has the form:

i=P(w,R)I - prr ¥, +L,U (4)

q

where W7 =[¥, ¥,]is the stator magnetic flux in which ¥ = L4z + ¥evand ¥, = Ly,
17 = [ 1] is the stator current, U” = [uq u,] is the stator voltage, respectively. Ly, L, are
the stator inductances in direct and quadratic axis and R; is the stator resistance. Matrices
P(w., R;), ¥puy and Ly have form:

R pol, LN
L, L, 0 L,
P(w, R )= R L, = 5
( r ) _pCl),.Ld _& PM |:¥/PMi| and R 0 L ( )
Lq Lq q

The equations for rotor speed and position are common and differ in constant, c,
only. Both differential equations are as follows:

”

o1 1
%) :7(rel—rL):7(c\PTTTI—rL) (6)

0 = o, (7
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where 7, is the torque developed by the motor, J is moment of inertia related to motor
shaft and p is the number of pole pairs. Constant, c, is given as ¢ = ¢s = 3pL,,/2L, for IM
and ¢ = 3p/2 for SMPM, respectively.

2.2. FORCED DYNAMICS SPEED CONTROL LOOP DESIGN

A common feature of designed control systems is a speed control loop of both types
motors based on FDC while satisfying the FOC control conditions [3]. Rotor speed
obeys (6) and the differential equation describing the closed loop dynamics have there-
fore a linear first order dynamics (8), where T, is the prescribed time constant and Q,d

is the demanded rotor speed:

1. .
b.=—(0.-0,) ®)

r

(0]

For the derivative of the rotor speed of both motors, the PMSM and IM is then valid:

i[c(y/diq—y/qid) —FL] for the PMSM

&, = (WL T, )= & ®)
. L

J, JL[C(VJDLI _'PQid) —FLJ for the IM

r

For the PMSM, ¥, and ¥, are the stator fluxes components, and ¢ = 3p/2. For the
IM, ¥ and ¥ are the rotor fluxes components and ¢ = ¢s. Using a switched power
electronic control law, the stator current components are made to follow their demands,
iddem and izqem, With negligible dynamic lag. Hence it is assumed that iy = i4gem and i, =
igdem Which enables the stator current equations to be eliminated from the plant model
for the control system design. This way for speed control, iydem and iydem are regarded as
control variables. For FOC of PMSM up to the nominal speed iy = izem = 0, and for rotor
flux FOC of IM ¥, =0, so the terms, ¥,isand #pis on the RHS of (9) vanish. Equating
the RHS of (8) and (9) then yields the same speed control algorithm for both types of
motors:

) {0 for the PMSM drive 1 { 1 {J, (
d dem

. v

= . and dem = P
const # 0 for the IM drive 1 U4 T

(0]

c

6., —9’,)}@} (10)

where ¥'= ¥, for the PMSM drive and ¥= ¥ for the IM drive. A load torque observer
can be used to estimate the net load torque, /7, on the motor shaft [4].
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2.3. FORCED DYNAMICS POSITION CONTROL LOOP DESIGN

For verification of control strategies requiring precise position tracking the two con-
trol structures consisting of position profile generator completed with a zero dynamic
lag pre-compensator and FDC based position control loop are developed further.

The FDC system for speed control of the AC motors is already robust, because it
produces a nominal closed-loop transfer function (8) that is independent of the load
torque and motor moment of inertia [5]. Plant for position control is formed by FDC
speed control loop replaced by its ideal transfer function (the first order lag) and com-
pleted with kinematic integrator, as it is shown in Fig. 2.
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Fig. 2. Block diagram for position tracking control

Big advantage of FDC is that this control loop is of the second order and gain, Ko
and time constant, T, are variable parameters. Closed-loop transfer function is:

K,
H.(s) T
Al e 11
grd (S) S2+i+& ( )
[ Ta)

Parameters of position control loop may be designed by pole assignment using Dodds’s
settling time formula [6]:

81
e“’(s) 1 + SL s2+is + 812
1.5(1+n) T, 4T,
n=2

in which Ty is prescribed settling time of position control system. Following adjustment
of these parameters results from comparison (11) and (12):

T 9
T ==% and K, =—— 13

50
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For position control system having already tuned FDC speed control loop with cho-
sen time constant, 7, following approach enables to adjust parameters of the position
control system. If the prescribed second order response (12) is converted into time do-
main yields for rotor position the second order closed loop differential equation:

0. = 0,-60)-—20 14
r 47-;29 ( rd r) 7;9 r ( )

FDC law for rotor angle is then obtained by substituting (8) for LHS of (14) and
solving this equation for the input variable, which is rotor speed demand, Q,d :

. o, . 8IT,
Hrd = [1_ T jer + 47—;20 (Hrd _Hr) (15)

50
Block diagram corresponding to derived control algorithm (15) is shown in Fig. 3.

FDC speed ~ Kinematic

. control integrator
ﬁ@_} 81T, 04 1 ér 116,
il B 1+5T, ST
6,
|9,
Ty

Fig. 3. Block diagram for position tracking control
with respect of designed speed control loop

2.4. PRECOMPENSATOR AND LOAD TORQUE OBSERVER DESIGN

Closed loop dynamic of both position controllers is prescribed by (12), therefore the
dynamic lag pre-compensator can be designed as the inverse transfer function as follows:

2
F _Hf'd(s):S2 47—; + s

()= 7 8

7

4T
L +1 16
5 (16)

2.5. LOAD TORRQUE OBSERVER DESIGN

The load torque estimate required by FDC speed control loop and useful also for
generation of position profiles is provided by a standard observer having a similar struc-
ture to a Kalman filter, a direct measurement of this variable being assumed to be unavaila-
ble. The real time model of this observer is based on motor torque equation (9) and has form:
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e, =0, —0,

1 .o

&, =7(c%q -1, )+k,e, (17)
fL =k,e,

This is a conventional second order linear observer with a correction loop character-
istic polynomial which may be chosen via the gains, k., and &, as:
9 81J

sz— and krzm (18)

N

where Ty, is the observer prescribed settling time designed to yield the desired balance
of filtering between the noise from the measurements of iy and 7, and the noise from the
angular velocity measurement [7].

3. TRACKING PERFORMANCES VERIFICATION

Two control strategies requiring precise position tracking were chosen for investi-
gation of tracking performances of previously designed position control systems. The
first strategy presents time near-optimal control exploiting full torque capabilities of the
drive with PMSM while the second introduces energy near-optimal control based on
symmetrical trapezoidal speed profile applied to IM.

3.1. TIME NEAR-OPTIMAL CONTROL OF AC DRIVES

The performance of many industrial electric drives employed in position control
systems could be improved by minimizing the response time to step changes in the ref-
erence input. In general, time optimal control is a bang-bang control in which the control
variable switches between its saturation limits.

Time near-optimal profile generator ~ :  Pre-compensator FDC speed  Kinematic
: : control ~ integrator
& .
& 1 0}‘ L gr
IT\ 1+sT w K

Fig. 4. Overall control system for time near-optimal position control
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Due to the fact that the mathematical expression for the time-optimal switching bound-
ary in the state space needed for higher order plant is rather complicated, a reduced second
order model might be used to derive a closed-loop time optimal controller [8]. A structure
consisting of a time near-optimal profile generator, pre-compensator and FDC position
control loop shown in Fig. 4 is used for implementation.

The load torque, /7, is assumed to be constant and the demanded rotor angle, 6 is
constant. The time optimal control of such a plant has one switching during the rest to
rest position maneuver leading to the desired state. The time optimal switching bound-
ary then consists of the two parabolic segments coincident with the two trajectories
leading directly to the origin of the error phase plane for /¢ = + max and 7o = —/nax.
Corresponding time optimal control law can be in this case written as:

r,=-r,,sign(S) (19)

max

and switching boundary, S, has the form:

S=6-6.,+ L o, |®,| (20)
2¢

r

where 6. is demanded position set-point, 6, is actual position and @. is rotor speed.
Rotor acceleration is a function of the rotor speed, @, as:

J

m

2(7° r
gr _ ( max + L) (21)
-J
——— for @, >0
2(F _FL)

max

for @ <0

Due to definition of switching boundary by (20) control law will suffer from control
chatter about the phase-plane origin.

The control chatter can be eliminated by replacing the switching boundary by
a boundary layer which is defined as:

(22)

max

|-r,.K,S  forK,|S|<1
“\-r sign(S) foer|S|>1

in which K, should be set to longest possible value as limited by iteration interval, 4.
Due to zero damping, this modification results in an oscillatory response with a natural

frequency @, =,/K,. The damping is ensured by introducing a linear term, 7Ty, to

switching function which then becomes:
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w

S:Hr_erd_k]—'dwr-’_Lwr r (23)
2¢

r

The value of 7, should be set to the smaller possible value as it allows iteration
interval, /. This way defined switching function in control law maintains a non-oscilla-
tory response of the control system.
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The effect of switching boundary design is shown in Fig. 5 for an idle running motor
with Inax = 15 N'm, 64 = 3.14 rad and J, = 1 kg-m’. Figure 5a shows resulting rotor
acceleration, speed and position corresponding to the switching boundary given by (20)
including control chatter. The same state-variable are shown for switching boundary
given by (23). In this case, the time of control is longer due to the damping term, there-
fore control is called near-time optimal (NTO).

The experiments with NTO control are shown in Fig. 6 for prescribed variables by
time near-optimal profiles generator and real drive’s motor responses. PMSM parame-
ters used for experiments are listed in the Appendix. The demanded position was
6. = 31.4 rad, achieved sampling frequency was 10 kHz and motor was loaded with
anominal torque. Figure 6a shows time functions of rotor position of the NTO model,
6.(¢) and real rotor position 6¢) including differences between them. Figure 6b
shows the prescribed rotor speed by the generator, @,(¢) and a real rotor speed, @.(¢)
including differences between them in function of time. Mutual dependence of
model and rotor speed in function of their positions are shown in Fig. 6¢c, and Fig. 6d
shows time dependences of the modelled and real phase currents.

The presented experimental results for NTO position control of electric drives em-
ploying PMSM confirm possibility to force the drive through time near-optimal model
to tract prescribed state-variables and achieve demanded position. The significant,
though not very large, departure from the ideal performance are mainly due to the non-
zero iteration interval, differences in real and estimated load torque, and errors in pa-
rameter estimates.

3.2. NEAR-ENERGY OPTIMAL CONTROL OF AC DRIVES

Energy saving position control strategy for AC drives presented further minimizes
electrical as well as mechanical losses consisting of constant, 4, viscous, B, and quad-
ratic, C, friction components. Strategy exploits a symmetrical trapezoidal speed profile,
which respects prescribed maneuver time to reach demanded reference set-point.

EncrgySaVlng Profile Gcncrator h Pre—compen sator &
& 0, 0’4 8IT,
_lgp ’ ar: [

T —>t g |19 |1 O _— s0

T, | T, I s s iat,

- 5

4Tz io|e
TTm 0 |gp 81

Fig. 7. Overall control system for energy near-optimal position control
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An overall control system shown in Fig. 7 is model based and requires precise track-
ing of state variables (rotor acceleration, &;, speed, @, and position, &) generated in the
energy saving profile generator.

Assuming symmetrical trapezoidal speed profile for rest to rest position maneuver,
the time functions of stator current torque components covering the energy expenditures
are shown in Fig. 8.

Lga T+ iqr
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IqL T
Ty T,
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Fig. 8. Stator current torque components
for individual time-intervals of energy near-optimal control

Description of current torque components for three subsequent intervals is as follows:
i (t)=1i,(t)+i,(1)+i,(t) (24)
iql (t) :qu +iqL (t) > iq2 (t) :IqL’ iq3 (t) :_[qd +iqL (t) (25)

where currents I, and [, are constant while current i,; is time varying during accelera-
tion and deceleration period due to speed dependence of viscous and quadratic friction.
Total drive’s energy allowing optimization, Wr is calculated from:

W, =

N | W

TR+ [ (44 Bos Cot ) wdr (26)
[ &,
0 0

and results in:

2 2 2
W, = Ons - ﬁ+3RSA2 Tm+k2[T —iTj - @Lz[l"m—§7;j
(T,-T.) LT, 2¢¥ 3 (T,-T,) 5

+k4‘9;d)(7ﬂm_i7;j+ ks%(Tm—%];j+A9,d:| 27
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in which the constants are defined as:

2 2 2
P P Y Oy
a4 2 ¥ 2 ¥

k, :3R_YCA7C;, ky=3R, CBC; +C, k =k, +k,

To find minimum of (27), and to determine time of acceleration and deceleration,
T, the derivative, dW1/dT; is set to zero resulting in:

_§ks]—;‘5 +(?k\Tm + 3k59rdj7:84 +(3kl _gk\Trj _%kSGrdTm _%kfﬁerzd jz—f
2 3, 3 2, 12 2 2 2 3

+| =Tk, +=kT, +=k6,T. + —kO0.T, T+ 5kT.T.— kT, =0 (28)
3 2 5

which is the fifth order algebraic equation. To determine required acceleration time,
T, the zeros of (25) have to be found and a Newton formula having quadratic conver-
gence is used for.
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Fig. 9. Comparison of energy optimal and near-optimal control strategies
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Comparison of the state variables for energy optimal (EOP) and energy near optimal
control (ENO) together with energy consumption for the lumped moment of inertia
J=1kg-m?is shown in Fig. 9. Figure 9a shows required acceleration for the prescribed
maneuver time, 7, = 0.1 s and for constant load torque, /; = 1 N-m. As can be seen
from Fig. 9b, the symmetrical trapezoidal rotor speed profile of ENO has the same mag-
nitude of angular speed as EOP and trapezoidal speed profile well fits the speed profile
of EOP. Corresponding position time profiles are shown in Fig. 9c. Energy consumption
of both profiles is shown in Fig. 9d from which can be observed that consumption of
ENO control is only by 11.35% higher than that of EOP one. More details on energy
optimal and near optimal control can be found in [9].
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Fig. 10. Comparison of energy optimal and near-optimal control strategies

The results of experiments with ENO control are shown in Fig. 10 for state variables
generated by energy saving profile generator and real rotor responses. For this energy
saving, control strategy IM parameters (cf. Appendix) was used in experiments. IM was
loaded with PM synchronous generator supplying constant resistive load. The pre-
scribed maneuver time, 7,, = 0.5 s, demanded position 8, was 10 rad, and achieved
sampling frequency in experiments was 10 kHz. The parameters of load components
were identified off-line as a constant torque component, 4 = 0.166 N-m, and a viscous
component proportional to the rotor speed, B = 0.0531 N-m-s.
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If there are speed limitations on the track or limitation of drives maximum speed,
such travel time for travelling this distance with prescribed speed should subtracted
from prescribed manoeuvre time and a new movement in a new travel time should be
derived by the energy saving profile generator. In this case, it is necessary also to check
limit of allowed drive’s acceleration. If limits of acceleration are exceeded, a new pre-
scribed manoeuvre time is suggested.

Figure 10a shows the prescribed speed profile by the NTO model, w(¢), and a real
rotor speed, (), in function of time as well as the difference between them. Figure 10b
shows time dependences of rotor position of the NTO model, 8.(¢), and a real rotor
position, 84f), including tracking error between them. Mutual functions of generated
and real rotor speed in function of corresponding positions are shown in Fig. 10c. Fig-
ure 10d shows time dependences of total energy consumption, Wr, of the modelled drive
with IM and a computed one as time integral of input power:

T

L+ i, )dt (29)
_[ dd

0

and total energy consumption of real drive measured by vector wattmeter. As can be
seen from this figure, good agreement of computed and measured energy consumption
was achieved.

The presented experimental results for ENO position control of electric drives em-
ploying IM confirm possibility to force the drive to follow prescribed state-variables by
energy saving profile generator and reach demanded position in prescribed maneuver
time.

4. CONCLUSIONS AND RECOMMENDATIONS

Advantage of FDC of AC drives speed with linear first order dynamics has been
exploited for the design of the two modified position control systems based on the sec-
ond order dynamics. Prescribed arbitrary second order position response allows imple-
mentation of dynamic lag pre-compensator, which substantially improves control per-
formance of the designed systems.

Implementation of FOC drives together with FDC laws, which yields known linear
closed loop dynamics together with a dynamic lag eliminating pre-compensator enabled
to follow accurately easily pre-computed near time optimal and near energy optimal
reference input functions, thereby forcing the control systems to react with a near-opti-
mal behavior.

Presented case studies for time near-optimal and energy near-optimal control of the
drives employing AC motors confirmed good tracking abilities of the designed position
control systems not only in simulations but also in laboratory experiments. The position
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control systems, as developed to date, would be suited very well to applications requir-
ing position control with a moderate accuracy.

APPENDIX

Parameters of PMSM equivalent circuit: rated power, P, =375 W, at @, =314.16 rad/s,
number of pole pairs, p = 3, stator resistance, R, = 3.65 Q, direct and quadrature axes
inductances, L; = L, = 50 mH; permanent magnet linkage flux, ¥pys = 0.312 V's, the
lumped moment of inertia was J = 0.0032 kg-m? and applied load torque, /7 = 1 N-m
was developed by IM operating in plugging mode.

Parameters of IM equivalent circuit: rated power, P, = 1.5kW, at a speed of n,
= 1420 rpm; rated current, [, = 2.4/4.2 A, Y/A, terminal voltage, U = 400/230, Y/A. Sta-
tor, rotor resistances, Ry = 5.155Q, Rr = 4.426 Q; stator, rotor inductances, Ls = Lg
=0.291 H, mutual inductance, Ly, = 0,271 H; moment of inertia, J = 0.0035 kg~m2.
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