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Abstract: A challenging problem in the design of high-tech systems is servo control at high accuracy and at low
cost price for its implementation. Conventional solutions are often not feasible, as high resolution encoders are
far too expensive and high sample frequencies are prohibitive as controllers have to run on low-cost processors
with processing power that is shared with many other tasks. As a possible solution, we present an event-driven
controller that is based on an (extremely) low resolution encoder. The control value is updated at each moment
that an encoder pulse is detected, yielding zero measurement error. However, as the time between two control
updates is varying now, conventional controller design methods do not apply as they normally assume a constant
sample time. To deal with this problem, the controller design is performed by transforming the system equations
from the time domain to the position (spatial) domain, in which the encoder pulses, and therefore the controller
triggering, are equidistant. In this way, the control problem is rewritten as a synchronous problem for a nonlinear plant. A gain scheduled controller is designed and analyzed in the spatial domain. This event-driven
controller is experimentally validated on a prototype printer in which a 1 pulse per revolution encoder is used to
accurately control the motion of images through the printer. By means of analysis, simulation and experiments
we show that the control performance is similar to the initially proposed industrial controller that has fixed
(high) sample frequency and is based on a much higher encoder resolution. On top of this, the proposed eventdriven controller involves a significant lower processor load.

1.

Introduction

One of the challenging problems in the design of a printer, but also in many other high-tech systems, is the servo
control of several motors at high accuracy. Conventional solutions are often too expensive as they rely on high
resolution encoders. High sample frequencies are also prohibitive as controllers have to run on low-cost
processors with processing power that is shared with many other tasks. Typical encoder resolutions are 500
pulses per revolution (PPR) with controllers running at 500 Hz. By using these high resolution encoders,
measurement quantization errors can be neglected. However, to keep the system cost limited, our aim is to use a
low resolution encoder to control a DC-motor. However, now the quantization errors become significant. To still
achieve satisfactory control performance, this requires an adaptation of the conventional control algorithms.
Most applied and researched solutions that deal with low resolution sensor data use an observer-based approach
to estimate the data at synchronous controller sample moments, based on asynchronous measurement moments
[3,4,7,8,9]. In these solutions, the continuous-time plant is translated into a discrete-time model which is timevarying, as it depends on the time between successive measurement instants. The approaches in [4,7] use
Kalman filtering. In [8], a Luenberger-type observer is applied to use asynchronous measurement data in
combination with a multi-rate controller scheme. In tracking applications, a well-known technique is the αβtracker [3] to estimate position, velocity and acceleration in a time-discrete manner. An overview of these
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methods and a comparison between them is presented in [9] in the application of using optical incremental
encoders to measure position and velocity. The main drawback of these methods is that they generally require a
high computational effort for computing the observer estimates.
In this paper we will use a different control paradigm that is simple to implement and does not suffer from the
added complexity of an observer. The control structure is an asynchronous control scheme in which the control
updates are triggered by the position measurement (encoder pulse). The idea of the asynchronous controller is
based upon the observation that the position is exactly known at an encoder pulse and thus there is no need for an
observer. However, as the velocity of the motor varies over time, both measurement and control updates are not
equidistant in time. This requires a completely new design strategy for these event-driven controllers of which
initial proposals were made in [6].

2.

Problem description

We consider the control of a DC-motor that can be described by the second-order model
θ&(t ) = ω (t )
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where θ(t) [rad] is the angular position of the motor axis, ω(t) is its angular velocity [rad/s], u(t) the motor
voltage [V] and d(t) the disturbance torque [Nm] at time t. The motor parameters are obtained from data sheets
of the motor manufacturer: the motor inertia Jm = 0.83⋅10-4 kgm2, the motor torque constant k = 0.028 Nm/A, the
motor resistance R = 1.0 Ω and the motor damping B = 3.0⋅10-5 Nms/rad. The inertia of the load Jl = 1.0⋅10-4
kgm2 is added to the motor inertia to obtain the total inertia J.
The industrial requirements for throughput and printing accuracy in the printer result in a feedback and feedforward controller combination such that:
• The deviation from the steady-state position error is at most 0.25 rad during printing. Only deviations
from a constant position error are visible in the print quality.
• All relevant disturbances are rejected sufficiently.

3.

Event-driven control

For the event-driven controller we propose to execute both the measurement and the control update at the
moment of a encoder pulse. The control updates are not equidistant in the time domain in this setting, which
hampers the use of classical time-driven control schemes. However, we can apply variations of classical design
methods, if we define the models of the plant and the controller in the spatial (angular position) domain instead
of the time domain, as initially proposed in [6]. This idea is based on the observation that the encoder pulses
arrive equally spaced in the spatial domain, as the encoder pulses have an equidistant distribution along the axis
of the motor. To use this reasoning, we first have to transform the motor model as given in equation (1) to an
equivalent model in which the motor angular position is the independent variable. After that we will show how
the controller design can be performed using classical control theory.
3.1
Transformation to spatial domain
The transformation ideas are explained in [6] by the authors, which states:
dθ
(t ) = ω (t ) ⇒ dt (θ ) = 1
dt
dθ
ω (θ )

(2)

where ω(θ) denotes the angular velocity of the motor and t(θ) denotes the time, respectively, at which the motor
reaches position θ. Under the assumption that ω(t)≠0 (the motor does not change direction) for all t>0, a one-toone correspondence between θ and t exists and an interchange of their roles is possible.
Using (2) we obtain the motor model in the spatial domain:
dt
(θ ) = 1
ω (θ )
dθ

 2
dω
(θ ) = 1 − d (θ ) −  k
dθ
J  ω (θ )  R
y(θ ) = t (θ )

 k u (θ ) 
+ B  + ⋅

 R ω (θ ) 

(3)

where d(θ) and u(θ) denote the disturbance torque and the motor voltage, respectively, at motor position θ. Note
that time t is now a function of θ and becomes a state variable in this new description. To consider the
disturbance d as a function of the angular position θ is an advantage for many controller designs, as disturbance
is often coupled to the angular position, instead of time. Moreover, the output y(θ) is now the time t(θ) at which
the motor reaches position θ.
The error that is input for the feedback controller is now selected to be the difference between the measured time
of an encoder pulse (tm(θ)) and the time at which the encoder pulse ideally should have occurred based on the
reference trajectory (which is denoted by tr(θ)):
et (θ ) = t r (θ ) − t m (θ )
(4)

Figure 1: Errors in t and θ
In figure 1 it is shown how the time error can be translated into a position error. When ωr is constant and nonzero in the time interval (tr(θp),tm(θp)) when tm(θp)>tr(θp), or (tm(θp),tr(θp)) when tm(θp)<tr(θp), where θp is the
angular position at an encoder pulse detection, then it holds that
eθ (t p ) = −ω r et (θ p )
(5)
When ωr is not constant, equation (5) can be used as an approximation with ω r (θ p ) or ω r (t p ) .
To satisfy the control objective that disturbances are sufficiently rejected, we consider the frequency content of
these disturbances in the spatial domain: the spatial frequency [rad-1]. The spatial frequency is a characteristic of
any structure that is periodic across position in space. It is a measure of how often the structure repeats per unit
of distance (completely analogous to 'ordinary' frequency with respect to time). The concept of spatial frequency
is especially used in wave mechanics and image processing [5]. For many periodic movements the spatial
frequency content is almost constant, while the regular frequency (in Hz) changes with changing speeds. For the
disturbances in the example the main component is located at a spatial frequency of 8.0⋅10-3 rad-1. Originally, for
time-driven control, this value was used in combination with the maximum velocity of the motor, to quantify the
bandwidth with respect to time - in Hz. This clearly leads to non-optimal designs, when the motor also runs at
lower velocities.
3.2
Controller design
The resulting model (3) is non-linear. It can be linearized around steady-state trajectories. The steady-state
trajectory is chosen straightforwardly at a constant angular velocity ωe of the motor after start-up:
 1
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where de is chosen as the mean value of the disturbance d. The variations around this steady-state trajectory are
denoted by (∆t, ∆ω, ∆d, ∆u). Hence, t=te+∆t, ω=ωe+∆ω, etc. The linearized dynamics are
d∆t
(θ ) = − 12 ∆ω (θ )
dθ

ωe

  2
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(7)

We can now design a feedback PD controller that compensates for the first-order variations ∆u(θ) as defined in
(7). The control value applied to the plant should be u = ue+∆u. As u e = kω e + Bω e R + d e R , the feed-forward term
k

k

takes care of  k + BR ω and de has to be compensated for by the PD controller. Using the model parameters from
e


k 

section 2, we can compute the feed-forward ue = K ff ωe : K ff = k + BR = 0.029 .
k

We have chosen to design a PD controller and tuned it in the discrete position domain. We aim at using a
minimal encoder resolution of only 1 PPR. Choosing this ultimately low resolution has the advantage that we do
not have to deal anymore with inaccurate sensor distributions along the motor axis. To tune the controller,
equation (7) was first discretized in the spatial domain, using a sample distance of 2π rad.
The PD controller was chosen as

H c1 (zˆ ) =

(K

p

+ K d )zˆ − K d
zˆ

,

(8)

where the notation ẑ is used instead of z to emphasize that the discretization has been made in the spatial
domain, instead of the time domain. Furthermore, this event-driven controller takes the time error as input. To
find the values for the controller parameters Kp and Kd, we used the root-locus design method. For ωe = 200,
300, 400 and 500 rad/s and choosing Kp = 1.0 and Kd = 12 we obtain the root-locus as depicted in figure 2. The
`+' marks indicate the roots for feedback gain 1. The root-locus shows different roots for the different speeds. For
ωt = 200 rad/s the root-locus even indicates unstable behavior. Therefore, controller (9) is suggested, for which
(K p + K dωe )zˆ − K dωe
the root-locus is plotted in figure 3.
(9)
H c 2 (zˆ ) = ωe2
zˆ

Figure 2: Root-locus for controller (8)

Figure 3: Root-locus for controller (9)

We computed the sensitivity function (for the linearized, discretized plant) as the transfer function from the
disturbance ∆d(θ) to ∆ud(θ). Both signals are indicated in figure 4, which shows a graphical representation of
equation (7) together with feedback controller (9) for ωe = 388 rad/s. For the other evaluated velocities the plot
looks similar. Note that ŝ is used instead of s to emphasize that the integration is performed in the spatial
domain. The Bode magnitude plot of this discrete-position transfer is depicted in figure 5. Spatial frequencies up
the 0.01 rad-1 are attenuated. This satisfies the required bandwidth as given in section 3.1, being 8.0·10-3 rad-1.

Figure 4: Graphical representation of linearized
continuous dynamics (7)

Figure 5: Bode mag. plot of transfer from
∆d(θ) to ∆ud(θ) for ωe = 388 rad/s.

4.
Experimental results
Experiments have been carried out on a complete prototype document printing system at Océ Technologies BV
for both the originally implemented observer-based controller and the event-driven controller, in which a
constant reference velocity of 388 rad/s is tracked. The observer-based controller operates with an encoder
having a resolution of 12 PPR and at a sample frequency of 250 Hz [1]. The experimental results for both
controllers are given in figures 6 and 7. These figures show the position error during printing over 5 seconds
(after start-up). In this period, 5 sheets are printed at a speed of 80 pages per minute.
Comparing the results in figures 6 and 7 we observe similar control performance for the observer-based
controller and the event-driven controller, both within spec. The maximum deviation from the average position
error is for both controllers about 0.15 rad, which is smaller than 0.25 rad as required. However, the event-driven
controller operates with an encoder with a resolution that is a factor 12 lower than that for the observer-based
controller. Furthermore, the observer-based controller runs at a (constant) control sample frequency of 250 Hz
and the event-driven controller at a much lower average frequency (approximately 62 Hz). The errors caused by
the sheet passings can be distinguished in both figures, although there are more disturbances (at different
frequencies) acting on the system as can be seen from the measurement data.

Figure 6: Experiment observer-based controller with
12 PPR encoder and sample freq. 250 Hz.

Figure 7: Experiment event-driven controller
with 1 PPR encoder.

5.
Conclusions
In this paper we presented the use of event-driven control to accurately control a DC-motor on the basis of an
encoder having a resolution of 1 PPR. By means of analysis and industrial experiments we showed that the
performance of the controller satisfied the requirements. Furthermore, we showed that similar control
performance could be achieved compared to the initially proposed industrial observer-based controller. The
advantages of the event-driven controller over the observer-based controller can be summarized as follows:
• Only a cheap encoder with a resolution of 1 PPR necessary, instead of 12 PPR
• Lower computational load for the processor (factor 5 reduction)
• Lower complexity of control algorithm (number of tuning parameters 2 instead of 4)
Experiments on a prototype printer validate the results and are very promising. Further research is still needed to
fully comprehend such event-driven controllers and give systematic synthesis methods.
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