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Abstract — A comparison between different DC motor
positioning control algorithms is performed in this work.
Transient responses while employing a PID controller, a
cascade controller and a state-space controller are
considered. LabVIEW programming environment with a
suitable acquisition card and a miniature DC motor with an
integrated encoder are used for experimental assessment.
Calculations and control system simulations are made using
Matlab. The PID controller is implemented via the
predefined PID block in LabVIEW. In turn, the state-space
controller is modelled by using Matlab while the accuracy of
the results is confirmed experimentally using LabVIEW.
The cascade controller is developed as a series of two
Proportional-Integral (PI) controllers, one representing the
positioning and the other the velocity loop. The obtained
results allow establishing that positioning control via the
state-space controller has the fastest response and the lowest
settling times.

1. INTRODUCTION

A widely used actuator in positioning systems is a
Direct Current (DC) motor. It finds application in many
of today’s mechatronics systems such as robots, precision
positioning machines or industrial applications.
Positioning control of mechatronic devices is also used in
situations when there is a need for an accurate response in
a predictable and repeatable manner. In a pick-and-place
machine for production of Printed Circuit Boards (PCB),
for example, components must be placed precisely on the
board before the soldering process. Another example is a
robot manipulator that uses several motors for 2D or 3D
positioning of the robotic arms. Although stepper motors
are sometimes employed for these purposes, DC motors
can also be a viable solution. However, when DC motors
are used, a feedback sensor is needed in order to establish
positioning control [1, 2].

A DC motor with an embedded quadrature rotational
incremental encoder as a feedback sensor is employed in
this work. Three different control algorithms are
compared in the terms of simulations in Matlab and
experimental results obtained by using the LabVIEW
programming environment.
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1I. DC MOTOR POSITIONING CONTROL ALGORITHMS
A. PID control

One of the most common controllers in industrial
applications and control systems is the Proportional-
Integral-Derivative (PID) controller. The transfer
function of an ideal parallel PID structure can be
expressed as (refer to the list of symbols at the end of the

paper) [1]:

U 1
Ggr(s) :£:KP(1+E+TDS) (1)

The PID parameters are defined as:

- Kp proportional gain
- 0 integral time
- TIp derivative time

E(s) can be calculated as the difference between the
reference position Yy(s) and the actual position ¥(s):

E(s) =Yo(s) —Y(s) 2)

In the time domain, the PID controller can be
expressed as:

u(t) = Kp - <e(t) + Tl, fo e()dr + T, dz(tt) ) 3)

Using the finite time values:

t - kT, @)
a discretized form of PID controller can be obtained [1]:
k
u(kT,) = K - (e(kTS) + % Z e(iT,)

i=0 (5)
+ 22 [e(KT,) — e(kT, - n)])

The PID controller is implemented in this work via
the predefined PID block in LabVIEW. The tuning of the
PID controller parameters is conducted in two steps. The
Ziegler-Nichols method is used first to achieve a rough
estimate of the gains; in a second step, an experimental
method of fine-tuning of PID parameters is performed.
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Figure 1. Cascade control scheme

B. Cascade control

Cascade control is composed of two loops: the
velocity and the position loop. In the simplest form, an
analogue command (set point velocity) is compared with
the signal from the feedback sensor (incremental
rotational quadrature encoder) to generate voltage that
induces rotational motion. The produced torque will
speed up or slow down the actuator in order to reach the
velocity set point. The most known velocity loop is the
Proportional-Integral (PI) loop and it is constituted by
two parameters: a proportional gain (Kp), which scales
the velocity error, and an integral time constant (77),
which defines the integration time. A velocity loop itself
cannot ensure that the actuator stops in a certain position.
Hence, one of the common configurations is to place a
positioning loop in cascade (series) with the PI velocity
controller (Fig. 1) [3].

Tuning of the regulators in cascade can often prove to
be a challenging task since there are four parameters to
tune [3]. The parameters are thus tuned in this work by
using a custom developed Matlab model. The resulting
parameters are then implemented in the LabVIEW
environment where additional online fine tuning is
performed in order to match better real system response.

C. State-space control

State-space control derives from the state-variable
method of representing differential equations. When
compared with transfer-function based control, state-
space control is designed by working directly with the
state-space-variable description of the system [2].

Advantages of state-space design are particularly
relevant for Multiple-Input — Multiple-Output (MIMO)
systems, although the system considered in this work is a
Single-Input — Single-Output (SISO) system. A further
advantage of this method is its robustness to dynamic
perturbations in the system [2].

A process with one input u(#) and one output () can
hence be described in a state-space model as [4-6]:

dx(t)
dt

= Ax(t) + Bu(t) (6)
y(t) = Cx(¢)

where A is the system matrix which correlates the current
state with its change, B is the control matrix and
determines how the system input affects the state change
and C is the output matrix which determines the
relationship between the system state and its output. The
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Figure 2. z-transformation of the state-space model

considered process in a discrete form can thus be
described as:

x[k + 1] = Px[k] + Qu[k]
(7
y[k] = Cx[k]

The P and Q matrices can be defined by using the
fundamental matrix ®(s) [4]:

P(s)=(sI-A)1

P =L YP(s)}

Q=ct {q’(s)} B

S

®)

The process can also be described by applying the z-
transformation of the equations of the state-space model

[4]:
X(2) = (z1 - P)7'QU(2)

Y(z) = C(z - P)"1QU(2) )

Y(2)
=——= I-p)?!
6() =iy = CA-P) '
Now the state-space controller equation can be
defined:

U(z) = —LX(2) (10)

The basic principle of the synthesis of the state-space
controller is to achieve the desired closed-loop dynamics
with proper values of the L vector. These values can be
obtained by using the following equations:

zX(z) = (P — QL)X(2)
(11)
|zZI—P+QL| =0

where the roots of equation (11) are correlated with the
poles of the desired closed-loop dynamics. The state-
space controller gain vector L can then be calculated by
using Ackermann’s formula [4]. The block diagram of the
resulting state-space model is shown in Fig. 2.

D. DC motor model in state-space
The behaviour of a DC motor can be modelled as [5]:

d(p_

T (12)
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dw K
]E+b-a)=—m(u—1(e-a))

R,
For simplicity, the armature time constant is
neglected.
In turn, in state-space a DC motor can be described
as:
=l ] e[
— 1. K. |-
S = + m |[-u
w 0 | lw
T ] Rqg
‘R
Tm = J Ry (13)
b-R,+ K, K,
I
b =K, %
The DC motor transfer function is:
Kin
P(s ‘R
G(s) ) J - Rq I (14)
Q(S) s2 + 5 =
T

while the respective discretized model in state-space is:

R N AR

J - Rq
I
et (15)
a=1-p
Ts
Y=a—a

The requirements for aperiodic closed-loop dynamics
imply then:

£ = 1
V2
(16)
1
W, = ——
n Tm\/i
while the recommended sample time is [5]:
. 0.2 17
= (7)

Vector L can hence be approximately calculated as

[5]:

L

_ J"Ry 0.4983 0.0672 18
=g 00672] (18)

By inserting the characteristic values for the used DC
motor (see Table I), vector L becomes:

L =[1.1173 0.0011] (19)

To estimate finally the variables used in the control
algorithm, the Matlab software is used.
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TABLEI. FAULHABER 2342 DC MOTOR CHARACTERISTICS
Moment of inertia Ji 5.7-1077 kg - m?
N
Torque constant K 13,4-1073 Tm
\Y
Back-EMF constant K, 1,4-1073 —
rpm
Armature resistance R, 1,9Q
Nominal voltage U, 12V
Nominal armature current Ion 75 mA
. . mNm
Friction coefficient b
rpm

III. EXPERIMENTAL SET-UP

The assessment of the characteristics of the described
positioning control algorithms is performed on an
experimental set-up, whose block-scheme is shown in
Fig. 3. The system is composed of a DC motor coupled
with a gearbox and an encoder, the operational amplifier
and the control system based on the National Instruments
(NI) hardware and the LabVIEW software.

A. Actuator and encoder

The main component of the experimental set-up is the
Faulhaber 2342 DC motor with an embedded planetary
gearbox and an incremental rotational encoder [7]. The
main characteristics of the actuator are given in Table 1.
As shown in Fig. 4, the shaft of the actuator is connected
to the gearbox unit (1) with a reduction ratio 1:64. On the
opposite side, an encoder (2) is installed.

The used encoder is an incremental encoder with 2
channels (A and B) with a 90 degree phase delay and 12
cycles per revolution (cpr). Two encoder channels enable
not only position and speed but also the direction of
movement to be determined. A very important parameter
for encoder measurements is the encoding type, which
directly affects encoder resolution. In this application,
rising and falling edges on both channels are counted
(Fig. 5). This type of encoding is usually referred as X4
encoding [8-10].

LabVIEW
/
e rston oc Morer Gearbox
Connector Operational > Faulhaber >
ifi 1:64
Block Amplifier 2432
DC
Power Supply Encoder
15V 12CPR

Figure 3. Experimental set-up scheme
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Figure 4. DC motor with gearbox and encoder

B. National Instruments Hardware

The electronics of the experimental set-up is based on
the National Instruments PXI-1050 chassis, including a
PXI-8196 embedded controller and a PXI-6221 Data
Acquisition Card (DAQ) which is connected to a SCB-68
connector block [11]. The SCB-68 has 68 terminals with
digital and analogue inputs and outputs. Counter inputs
are used for connecting the encoder while the analogue
output is used for driving the DC motor.

IV. LABVIEW CONTROL IMPLEMENTATION

The LabVIEW development environment is used for
implementing the control algorithms and storing
measurement data. This configuration meets the
requirements for embedded system design such as real-
time computing, wide choice of peripheral equipment and
extensive support for accessing instrumentation
hardware. Moreover, its library contains predefined
mathematical blocks that process acquired data to enable
appropriate outputs. In the considered case, the DAQmx
Start Task block is used to trigger the used channels. The
acquired data is then passed to the DAQmx Read block
that, due to continuous position readings, is located
within the time loop. Similarly, voltage output is driven
using the DAQmx Write block. On the other hand,
measurements are stored in a CSV file. This file is
created by using a Write-to-spread sheet file block which
enables to capture the data that can subsequently be used
for further analysis in Matlab.

sl 1 11

1 4

High speed clock

-~
4 pulses

Figure 5. Reading and encoding signals from the encoder
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Figure 6. PID regulation VI: front panel (up), block diagram (down)

A. PID control

PID control is implemented in LabVIEW by using the
predefined PID block from the LabVIEW Control, Design
and Simulation Module. The respective front panel as
well as the main elements of the block diagram are shown
in Fig. 6.

Input and output channels have to be selected first.
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Figure 8. State-space control VI: front panel (up), block diagram (down)

Using the DAQmx counter as input, information about
position is obtained from the channels of the encoder.
This is compared to the defined reference position so as
to determine the analogue input to the actuator.

B. Cascade control

The front panel and the block diagram of the cascade
control scheme are shown in Fig. 7. The front panel
allows the following input parameters to be defined:
number of pulses per revolution, input and output
channels, decoding type, position measurement units,
parameters for the PI regulators as well as the file path.
For a given reference position, the dynamic response of
the system can be visualised via a waveform chart and/or
a circular gauge. The number of full motor shaft
revolutions is also shown. The inferred velocity is hence
calculated as shown in the block diagram in Fig. 7.
Experiments allowed establishing that a disadvantage of
the used method is that, for sample times shorter than 50
ms, the velocity signal results in errors because the
computational routines are slower than motor’s response.

C. State-space control

The state-space regulator is implemented in LabVIEW
using equations (12-19) — Fig. 8. The measured position
and velocity are scaled by the gain vector L using
equation (19). These values are then compared to the
desired reference values. Since there are no additional
time constants (no additional poles) added to the system,
the state-space control algorithm has faster response
times than the PID and the cascade controller. On the
other hand, since state-space control has only
proportional gain, a residual steady-state error is present.
To minimize this error, the reference position is
multiplied with a compensation gain.
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Figure 9. State-space transient response

V. EXPERIMENTAL RESULTS AND DISCUSSION

To test the performances of the described DC motor
position control systems, a set of experiments using PID,
cascade and state-space control typologies is performed.
All tests are made with an input step command from 0° to
200°. DC motor input voltage is limited to + 5V. The
parameters of the PID and the cascade controllers are
given in Tables II and III both for the simulations and the
experiments. It is interesting to notice here that the
simulations did not allow the correct integral time of the
positioning loop of the cascade control to be determined.
This value will thus be obtained in future investigations.

The comparison of simulated and experimentally
obtained transient responses in the case of the state-space
controller is shown in Fig. 9 and Table IV. From the
magnified detailed view of the system dynamic response
during settling, it can be seen that an aperiodic transient
response occurs with a negligible difference in rise times
between the simulated and actual results. In the case of
the PID and the cascade controllers, due to simplified
modelling assumption, some discrepancies of the
simulated and experimental dynamic results occur. Future
investigations will be done to obtain better matching of
the simulated and experimental results.
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Figure 10 Combined experimental results
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TABLE Il PARAMETERS FOR THE PID CONTROL METHOD

MATLAB Experiment
Proportional gain K, 0.576 0.6
Integral time T;[ms] 0.313 0.3
Derivate time 7p [ms] 0.021 0.02

TABLE IIl PARAMETERS FOR THE CASCADE CONTROL METHOD

MATLAB | Experiment
e P rti 1 gain K. ] ]
Positioning loop |— P ond’ 8411 Bp 13.56 13.905
Integral time T; [ms] 9 4
. P rti 1 gain K, ] ]
Velocity loop roportiona’ gain 0.508 0.508
Integral time T; [ms] 5 5

TABLE IV DYNAMIC RESULTS FOR THE STATE-SPACE CONTROL

METHOD
MATLAB Experiment
Rise time 7, [ms] 430 390
Percent overshot g [%] 0.35 0.5
Settling time 7, [ms] 580 550
Steady-state error [%] 0 0.04

TABLE V COMPARISON OF DYNAMICS FOR DIFFERENT CONTROL

METHODS (EXPERIMENTS)
PID Cascade S.S.
Rise time 7, [ms] 425 1120 390
Percent overshot g [%] 0 6.35 0.5
Settling time 7, [ms] 800 3500 550
Steady-state error [%] 0 0.1 0.04

The comparison of transient responses obtained
experimentally for all three used controllers is given in
Fig. 10. Rise time, percent overshoot, settling time and
steady-state error for each control algorithm are in turn
given in Table V. It can be concluded that the fastest
response is obtained by using the state-space control
algorithm. The PID control algorithm results, however, in
the smallest steady-state error.

VI. CONCLUSIONS AND OUTLOOK

An overview of different DC motor control
approaches is given in this work. A conventional PID
controller is employed first. The respective parameters are
obtained using the Zieger-Nichols method and fine tuning.
A cascade controller is developed next. Finally, the state-
space controller with positioning and velocity loop is
employed. A Matlab model of the used actuator is
established in order to simulate different control
approaches. Controllers are then implemented in the
LabVIEW environment and experiments are conducted.

By comparing experimental results (Table V), it is
concluded that positioning control via the state-space
controller has the fastest response and the lowest settling
times. Cascade control can be efficiently used, although
the tuning of its parameters can often be cumbersome and
computationally more intensive due to the presence of two
PI blocks and the needed velocity calculation. This all
limits the execution time which directly affects system’s
dynamic response. Improvements of cascade control could
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be achieved by using real-time hardware (e.g. the NI
FPGA module) or if direct measurement of velocity would
be possible. PID control results in negligible steady-state
errors and acceptable rise and settling times.

LIST OF SYMBOLS

A system matrix

B control matrix

b friction coefficient [mNm/rpm]

C output matrix

E(s), e(?) difference between the reference and the process
value

Gr(5) PID transfer function

nominal armature current [mA]
motor inertia [kgm?]

finite time values factor (k=1, 2, 3, ...)
back EMF constant [V/rpm]
torque constant [Nm/A]
proportional gain

state-space controller gain vector
system matrix in discrete domain
control matrix in discrete domain
armature resistance [Q]

Laplace variable

time variable

BRT U EONSRAATSS

Tp integral and derivative time constants
mechanical time constant

Ts sample period
U(s), u(t) output from the controller

A nominal voltage [V]
Y(s), ¥(t) process value
Yo(s) reference position
z discrete (z) domain variable
At time change [ms]
Ao motor shaft angle change [°]
& attenuation coefficient
o percent overshot [%]
7 rise time [ms]
A settling time [ms]
® motor shaft position [°]
® velocity of the motor shaft [rpm]
D fundamental matrix
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