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Completely Digital Position Feedback Control for
Synchronous Servodrives

DIETRICH NAUNIN, DIETER HETZEL, HANS-CHRISTIAN REUSS, anp
CHRISTIAN ERIC SECHELMANN

Abstract—A completely digital control concept for a synchronous
servodrive is presented. The hardware consists of a pulsewidth mod-
ulated (PWM) inverter and a microcontroller with peripheral compo-
nents for state value measurements and set value output. The deriva-
tion of a mathematical model of the PM synchronous servdrive is
shown. A new cascaded state feedback controller, which corsists of a
position state feedback controller with an inner current control loop,
is introduced. Two different types of current controllers are compared.

I. INTRODUCTION

HE requirements of automation applications are con-

- tinuously rising. Higher dynamic ac motors, faster and

higher integrated microcomputers, and faster switching

power semiconductors enable the development of more

effective systems. Therefore a new control structure has

been chosen to fit the requirements of high dynamic po-
sitioning.

State of the art of servodrive control systems is a tra-
ditional structure containing a digital position feedback
control loop with inner analeg speed and current control
loops. Disadvantages of this concept are drift and noise
problems of the analog circuits and interfaces, inflexibil-
ity of the chosen controller parameters and the need of
separate speed and position sensors.

The new system is realized only by digital means, no
analog control circuits are used any more [1]. Further-
more the concept allows the realization of a multi-axis
control system (e.g., for robot control) with decentralized
intelligence.

Fig. I shows the structure of a control system with in-

— telligent axis controllers. They are supplied with position
information by a master computer.

Each axis consists of the following:

a synchronous machine with a three phase stator wind-
ing and a SmCos-PM disc rotor;

a pulse controlled inverter with six power MOSFET’S
and;

a 16 bit single-chip-microcomputer with I/0 modules.

The single chip microcomputer measures the state val-
ues (torque, speed, and position) of the dedicated ma-
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Fig. 1. Robot control system.

chine and calculates the set values by an implemented
control algorithm in order to reach the reference position
given by the master computer.

The most interesting points of this paper are design,
simulation and practical implementation of completely
digital position feedback control structures in an inexpen-
sive microcomputer system.

Considering well-known control structures as cascade
control and state feedback control a new controller has
been developed: a current control loop with a superposed
position state feedback controller.

II. HARDWARE

It was an aim to bring the axis controller into a very
compact form. Therefore the microcontroller 8096 (IN-
TEL) was chosen because it contains various integrated
on chip peripheral devices like serial and parallel ports,
programmable high speed input/output pins, an analog to
digital converter and @ PWM output. In addition to these
functional units there are a clock generator, timers and an
interrupt logic. The average instruction execution time is
about | to 2 us.

Since the microcomputer has a von-Neumann-structure
three tasks must be executed at the same time using a spe-
cial interrupt structure (Fig. 2).: initialization (level 1)
and communication (level 4) take place in the main pro-
gram. Commutation and feedback control is done in the
interrupt driven levels 2 and 3.

The sampling time of the control algorithm is 1.024 ms.
Every 256 ps the voltage space-phasor is readjusted ac-
cording to the actual rotor position.

Measurement of the State Values
Several hardware modules have been realized for the
measurement of the state values (Fig. 3). These plug-in
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Fig. 2. Software priority levels. Level 1: initialization. Level 2: commu-

tation. Level 3: control. Level 4: communication.
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Fig. 3. Structure of microcontrolier.

modules allow a maximum of flexibility for different state
value sensor interfaces. Only one small module has to be
changed to connect a new sensor.

The contro! system does not require a tachogenerator.
The position of the axis is detected by a high resolution
position sensor and the motor speed is calculated from the
position values via a derivation by time.

Position sensor interfaces for incremental encoders and

resolvers are available. For the resolution and accuracy -

13 bit are guaranteed for the incremental encoder and bet-
ter than 10 bit for the resolver up to a maximum speed of
5000 r/min.

Also two different types of modules are available for
current measurements. Both measure the average currents
in all three stator windings over a PWM period to elimi-
nate the ripple influence. The current values are converted
to voltage signals by Hall sensors or shunts.

The low-cost module consists of voltage controlled os-
cillators that convert the Hall sensor output signals into
frequencies. These frequencies are proportional to the
current values and are counted over a PWM period.

The second type of module determines the values of the
average currents by the aid of analog integrators and suc-
ceeding 12 bit A/D converters.

Communication with the Master

The communication takes place via a high speed serial
interface with a SDLC protocol. This interface is also re-
alized as a plug-in module and therefore an adaption to
other communication protocols is quite simple.

MOSFET PWM Inverter

The power inverter is realized with six MOSFET’s (Sie-
mens BSM 151, 500 V, 56 A). They form three half-
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bridges, that are connected to the three windings of the
star-connected machine. The connection to the controller
is implemented by optocouplers, a programmable logic,
and special driver circuits (Fig. 4).

III. MATHEMATICAL MODEL OF THE SYNCHRONOUS
SERVODRIVE

The synchronous servodrive used in the presented proj-
ect has three-phase stator windings and an eight-pole disc
rotor with SmCos-magnets. Some technical data are given
next [2]:

power (continuous duty) P 1150 W
torque (3000 r/min) M 3.6 Nm
peak torque M; 35 Nm
maximum speed n 6000 r/min
mechanical time constant 7,, 3.9 ms
electrical time constant T, 2.8 ms.

In order to find a mathematical description of the
SmCos-PM synchronous machine, the following simpli-
fying assumptions can be made [7, p. 143], [8]:

-the PM excited field can not be weakened (| $p| =
const),

-the armature inductance is independent of the rotor
position (no salient pole rotor).

The instantaneous values of the phase currents and volt-
ages of the star-connected machine are combined to space-
phasors in the stator reference system as shown in (1) and
(2) [3, p. 34]. The indices S (stator) and R (rotor) denote
the reference systems:

ig

i, =31 ao]|ip (1)
Lic
My,

U, =3[l « o] | ug (2)
LUc

with

i(2/3
a = /I

(3)

w
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Fig. 5. Block diagram of SM in stator reference system.

Yoy

The variable e denotes the electrical rotor position; the
angular rotational speed is defined by

o= (4)
The EMF space-phasor of the machine is given by
iy = jo ¥, = jo - kge” (s)
with
ke = 14, (6)

The voltage equation describing the dynamic behavior of
the PM excited synchronous machine in the stator refer-

ence system has the following form [7, p. 263], [8, p..

83]:

—

!

5 (7)

L—is+Ris+ i,
dr $ ’ 7

The mechanical behavior of the servodrive can be de-
scribed by

I - 4

‘:1‘7”=kM-1m{iS-e'f‘} —my =k o (8)
with

kpe = %[)kﬁ- (9)
In (8) m, represents the load torque and &, - w the fric-

tional torque, while p denotes the number of pole pairs.

In Fig. 5 the block diagram of the machine is shown
according to (7) and (8) with the indices x and y of the
space-phasor in the stator reference system.

In many applications it was found more convenient to
transform the voltage equation (7) into the rotor reference
system. The space-phasors in the rotor reference system
are given by [3, p. 263]:

(10)
(11)

The voltage equation of the PM excited synchronous mo-
tor in the rotor reference system can be determined from
(7) by using (10) and (11) [8, p. 83]:

— . - = —jé
Ug = uy + ju, = uge

T T —je
lR——ld+_jlq— tge 7.

1‘.’
(_l..ﬁ.,l_R.

dp=L — ip + joL - ig + jokg (12)
[4
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Fig. 6. Model of the SM in rotor reference system.
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The transformation of the current term in (8) describing
the electrical torque component results in
dw
J— = ki * 13
=~ by (13)
Fig. 6 shows the block diagram of the machine in the ro-
tor reference system using (12) and (13).

iq—-mb—k,-w.

IV. CONTROL STRUCTURES

A feedback control circuit is set up that is fully digital
and performed by means of a microcomputer. This has
the advantage, that the control structure can be easily
changed by programming a new software algorithm. The
input values of the digital controller are the command
variable €., and the state variables ¢, w and i . The output
value of the digital controller is the voltage space-phasor

A well-known and widely used controller for electrical
servodrives is the cascade controller [7]. It consists of a
position feedback controller with inner speed and current
control loops. The current loop forming the innermost
control function may be regarded as an impressed current
source. Since the sequence torque-speed-position con-
forms very well to the structure of the plant, the cascade
controller has the following advantages [7]:

design and commissioning can be achieved step by step
regarding only one part of the system at one time
beginning with the current loop, and;

by limiting internal variables (e.g., i,) protective func-
tions can be easily implemented.

The advantage of the simple design and commissioning
can be only used under the assumption, that the band-
width of the control increases towards the inner loops with
the current loop being the fastest and the position loop
being the slowest.

To meet especially the requirements of the inner loop
only by digital means, i.e., suitable sampling times, a very
expensive hardware has to be set up. It can be shown, that
a cascade controller structure using the same sampling rate
for all control loops can be converted into a state feedback
controller structure, while the opposite does not hold.
Thus the state feedback controller allows more freedom
in controller design. It has the advantage that a defined
dynamical behavior of the entire system can be per-
formed. However inner variables can not be limited and
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the commissioning of the state feedback controljer is more
difficult due to the complex determination of the control
factors.

In the presented project a structure was developed that
combines the principles of cascade control and state feed-
back control. This digital cascaded state feedback con-
troller consists of two subsystems: an inner current loop
and a superposed position state feedback controller (Fig.
7). Because of the calculation time of the microcomputer
the digital control systems contains a dead time block. In
this application the dead time is equal to the sampling
time 7= 1 ms. InFig. 8 a timing diagram of the feedback
control is shown. At the time (n — 1) - Tthe actual state
values are measured and the command position €., is
passed to the controller. At the time n - T the output of
the calculated voltage space-phasor becomes valid.

Current Feedback Control

Current feedback control can be realized either in the
rotor or in the stator reference system. Both control struc-
tures will be introduced and compared.

Rotor Reference System: The model described in Sec-
tion III and shown in Fig. 6 is nonlinear because of the
coupling terms i, * w and ig © w, which couple the direct
and the quadrature axis. In order to get a linear mode] the
following voltage space-phasors are defined [4]:

(14)
(15)

Equation (12) describing the model of the synchronous
machine can now be written in the following form:

UR,diswrs = jwL + i p + jokg

URlin = UR — UR disturh

, di .
Up in =L 'J+R' iR

dt (16)

Equations (16) and (13) lead to the block diagram shown
in Fig. 9. The current iy does not influence the electric
torque. Splitting up (16) into the real and imaginary com-
ponents d and ¢ and leaving out the indices leads to the
same expression for each component:

di 1 R

—_ = - . o= = .

dt - L Uin L (17)

For this differential equation a time-discrete solution can
be found:

. . 1 — A
iy = Aln + (_T)ulin,n (18)
with
A = e~ R/LT (19)

Using the z-transform the transfer function of the electri-
cal part of the plant can be calculated:

i(z)  1-4
in(2) B R(z - A)'

Te(z) = (20)

i
]
CONTROLLER ! MACHINE

5
]
1

con POSITION tcom CURRENT Y | jsyncHrowous| €

———={ STATE FEEDBACK :

CONTROLLER CONTROLLER 1] macHINE
1
il
T g
P < w
!
t
1
]
1
1

Fig. 7. Realized control structure.
LN
COMMAND:
POSITION
F-STRRT OF OUTPUT:
MEASUREMENT: —f VOLTAGE
POSITION v ¥
SPEED
CURRENT
CONTROL ALGORITHM . t
(n~1')IT nxY (n+1)=T
Fig. 8. Timing diagram of feedbuck control.
Uy, tin iy
1/R L/R
Uqg. tm iy F_' " €
/R L/R knf |° J/k.,

m,

Fig. 9. Linearized model of SM in rotor reference system.

The control law for a dead-beat current feedback control-
ler can be found by using (18) twice to calculate i, + from

P
l—iRlin.n =B - TRcmn,n—l - BA2 ' ?R,n—l —A4- l_iRlin,N‘l
(21)
with
R
= S 22
T (22)

It is obvious, that the current control laws for the current
components are identical. Using this controller the fol-
lowing calculations have to be done. The voltage o yiqum
is introduced in order to compensate the voltage Hegmip

(Fig. 10):
ipney = ?S‘n-l L kel (23)
L_;Rcomp.n =jwn-—l ' (L : iR.n—I + kE) (24)
l_iR,n = I7Rlin‘n + ﬁRc()mp,n (25)
ES,n a ﬁR,n . ej'(fn—l+w:|'l'T). (26)

In (26) the calculation time of the control algorithm is
taken into account. According to the dead-beat character-
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Fig. 10. Feedback control structure of one current component.

istic of the current feedback controller the command
transfer function for each closed current feedback contro’
loop results in

1
Tcurr(z) = 3. (27)
Z
Stator Reference System
With the voltage space-phasors
l_[Sdislurh = jwkE ) ejf (28)
‘ lisyin = Us = I giqurd- (29)
Equation (7) takes the form "
_ di E
3.lin = L H s R L] . 30
Us, i ls (30)

The comparison of (16) and (30) shows, that the control
law for the dead-beat current feedback controller in the
stator reference system is identical with (21):

TScom.n-—l - BAZ ' ?S.n—l —A-

Uglinn = B USlin,n—1-

(31)

With this controller the following calculations have to be
done:

—_ oS

: oy i1+ LS wn- 0 T
LScomn—-1 = ! Reom.n—1 e (32)
= s s . i len=1+ 1.5 wn=-1"T)
uScomp,n - Jl‘Ewn—l € " ' (33)
Usp = USlinn + uScomp,rl' (34)

Fig. 10 shows the block diagram of the current feedback
controller for one current component. The block diagram
is valid for the controllers in the rotor and the stator ref-
erence system.

Fig. 11 shows the structure of the current feedback con-
trol in the stator reference system. Each of the two current
feedback control loops has the structure shown in Fig. 10.

Comparison of the Current Feedback Controllers

A digital simulation of the two current feedback con-
trollers with a given square wave command function i, com
was carried out. The starting value of the angular rotor
speed used in the simulation was w, = 754 s~' (el). The
variation of the angular rotor speed w in the shown period

[
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ly=0 lg
———] Upx L Y
o't e a"JC
{ qcon {q
. Yoy " S
{ycon ly 1
Y7 contRon 2
Loop
Fig. 11. Current feedback control in stator reference system.

r
of time is neglectable. The results of the simulation are
shown in-Fig. 12 (controller in the rotor reference system)
and Fig. 13 (controller in the stator reference system).

It is evident, that the stator-oriented controller provides
better results while the calculation time for both algo-
rithms is almost the same. The better dynamic behaviour
of the stator oriented feedback controller results from the
fact, that the obsolete phasor i, ,_; has to be used instead
of the correct but unknown phasor iz, in (24). An im-
provement of the performance of the rotor-oriented feed-
back controller can be achieved—on cost of the calcula-
tion time—by using (18) for the calculation of the un-
known phasor i g ,-

Position State Feedback Control
Equation (13) describing the speed behavior of the ser-
vodrive can be written in the following form (the un-
known load torque m,, is neglected):
do _ ky . k,

E - J l, — 7 (35)
The current i, is calculated as the mean value of the cur-

rent values i, , and i, , +:

A iq.n + iq.n+1
i = T (36)

The time-discrete description of the rotor speed can now
be obtained by solving (35):

w,,+,=Bw,,+(l—B)l%‘£q—'—,"+—2$l (37)
with
B = e~ k/IT (38)
The w-transfer function in the z-plane is given by
o(z) = U =B D) 0y (39

2kr(z - B)

The rotor position can be calculated by the integration of
the rotor speed:

e(1) = ¢ + So w(t) dr. (40)
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Fig. 14. Position state feedback controller.

Using this equation a time-discrete description of the po-
sition behavior can be obtained:

J
€n+ =e,,+Z’~(1 -~ B) * w,
J kM iq.n + i(/.u+l
+(T+=(B-1))H.
(refmon)fe g

Herefrom the e-transfer function can be derived:

() = -T2 (o). (42)

Designing a position state feedback controller an integra-
tor for the position should be implemented in order to
avoid steady state errors caused by the load torque. This



NAUNIN er al.: DIGITAL POSITION FEEDBACK CONTROL FOR SYNCHRONOUS SERVODRIVES 501

€ [2°)

5] w [3.1457Y)

: t [8ms)
| v . : ’

] {, [0.64)

| T = Ims

Fig. 15. Command step response of position state feedback controller

(simulation).

R € [2°)

S 1 =

] w [2.5s57Y)

] t (Bimns)

1 S

] t, [14]

4

T = 1ms

F1g. 16. Command step response of position state feedback controller

(measurement).

is the reason why the control law in the z-plane has the
following form:

chnm = klecom - I\':E - k}(.«) - k41,/ * 1\'5

<

(43)

— (Eus — &)
Fig. 14 shows the structure of the position state feedback
controller according to (43). The transfer function of the
closed current control loop is used according to (27). The
command transfer function of the introduced position
control loop assumes the following form:

e(z)

fcom (z)

T,(2) =

13 + azzz + a,z' + ap
2+ Buzt + By + Bt + Bz + By
(44)

The zeroes of the denominator polynomial are determined
by the pole assignment method. Here from the gain fac-
tors ky .. ks can be derived. The calculations during the
controller design and the simulations of the closed control
loops using the Runge-Kutta-method are executed by a
personal computer. Figs. 15 and 16 show the simulated
and the measured responses on a command position step

=F-

-5 W s menmR S

of €com = 20°. Small variations of the curve shapes are
caused by different inertia torques in the simulation and
the real system.

V. CONCLUSION

The results achieved up to now show that the step from
analog/digital control circuits for synchronous servo-
drives to completely digital ones can be done applying
inexpensive 16-bit single chip microcomputers and Mos-
FET pulse controlled inverters. For the implementation as
software algorithm a cascaded state feedback controller,
which ‘combines the advantages of the cascade and the
state feedback control structure, has been introduced. This
controller consists of a current control loop with a super-
posed position state feedback controller. It has been
proven that a realization of the current control loop in the
stator reference system should be preferred. The entire
position control system shows a good dynamic behavior.
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