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Abstract

This paper presents an application of the coprime factor
based anti-windup technique of Miyamato and Vinni-
combe [MV96]. The application is an automotive en-
gine idle speed control problem using a novel framework
which inverts most of the system nonlinearities. A dis-
cussion of the design procedure is given, and extensions
to the technique are developed to enable implementa-
tion. The final controller is implemented in the Mat-
lab/dSPACE rapid prototyping suite and is used to con-
trol a 1.81 spark ignition engine. Results for both anti
windup and bumpless transfer situations are presented
and discussed.

1 Introduction

The idle speed control problem is a popular candidate
for the application of modern control techniques with
over 50 papers in the last 5 years alone. In its sim-
plest form the problem is a disturbance rejection prob-
lem, it being desired to keep the engine speed constant
whilst under the influence of various (known and un-
known) load sources such as power steering and air-
conditioning pumps, alternator load, and general cyclic
variability of the combustion events. If these distur-
bances can be rejected effectively, then the driver will
have a better impression of engine quality and, in ad-
dition, the engine idle speed can be lowered which
will reduce fuel consumption. Recent research has
applied a wide range of control techniques to solv-
ing the idle control problem. They range from lin-
ear control techniques based around an operating point
(eg LQG [BGOS86], Hoo [GBI6]) to nonlinear tech-
niques (eg sliding mode [BSDE99], feedback lineari-
sation [KNVH94], fuzzy control [AD90], neural net-
works [PFD96], other [GF99], [NOM92]). The amount
of torque produced in a combustion event is dependent
on the amount of air in the cylinder (in this work we
assume that the air/fuel ratio is always kept at its sto-
ichiometric value), and the point in the cycle at which
it is ignited. The Air Bypass Valve (ABV), controlled
by the engine management system, controls the air flow

into the engine under idle conditions. The spark timing
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Figure 1: Combustion torque characteristics

controls the point of ignition with a spark timing which
gives the Maximum (Brake) Torque (MBT) as indicated
in figure 1. By retarding the spark away from MBT
timing a region is obtained in which spark timing as
an actuator of torque has authority in both directions.
This actuator is fast, although still involving a single
event delay between command and torque application
but obviously has limited authority. The ABV is slow,
involving valve and manifold air dynamics but has a lot
of authority. Because of a) the nonlinear nature of the
torque generation characteristics at a fixed operating
point and b) the speed and severity of changes in char-
acteristics due to operating point variations, the system
as it stands is highly nonlinear. Traditionally the idle
control problem has been thought of as a two input one
output control problem, with the ABV and spark tim-
ing being used as actuators to keep the speed constant.
In [For00], [FGOO], [Ser00] the authors propose a new
framework which both inverts the main nonlinearities
involved and introduces a second output allowing the
controller to vary the efficiency of the engine by op-
erating closer to, or further from, MBT spark timing.
The structure of the final system is illustrated in figure
2. In the new framework the outputs of the controller
are combustion torque T¢ and a manifold pressure re-
lated parameter Pyy,,. (This is the manifold pressure
that would be reached if the manifold were allowed to
reach equilibrium). The inputs to the controller are
engine speed and the distance (in Nm) that it is oper-
ating from MBT, the torque reserve of the engine. The
framework and controller evolve in (combustion) event
based discrete time.

The closer to MBT timing that the engine is operated,
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Figure 2: Linearising idle control framework

the more efficient the engine is however the less torque
reserve it has when a load disturbance is met. From
a control perspective, the less torque reserve the en-
gine has, the more time the first input (T¢) spends
in saturation. Because of this saturation a controller
with anti-windup characteristics is necessary. As well
as the anti-windup function of the controller, it is also
necessary to have some kind of bumpless transfer mech-
anism. This serves two purposes: i) In the testing stage
it is necessary to switch smoothly between the existing
ECU based idle controller and the dSPACE based con-
troller. 1ii) In production implementation there must
be a reliable and smooth transition between non-idling
and idling modes. To achieve this, again the controller
states must be set to give sensible controller outputs
before the idle controller is engaged.

2 Base Controller Design

The base controller is designed using the H., opti-
mal loopshaping design procedure of MacFarlane and
Glover [MG90]. The designer shapes the plant using
traditional loopshaping guidelines and then the optimi-
sation creates a (stabilising) controller which is opti-
mally robust to a broad class of uncertainties. Prac-
tical control designs using this synthesis technique are
described in e.g. [Hyd95], [SPWT98], [Bra96]. The
loop transfer functions along with the singular values
are shaped, to give the T — speed loop a slightly
faster response than the Pys,, — torque reserve loop.

3 Coprime Factor Based Anti Windup and
Bumpless transfer (AWBT) Design

The unifying framework suggested in [MV96] is illus-
trated in figure 3. The original controller is split into
coprime factors such that C(s) = V; *(s)Up(s). Then,
varying Q(s) creates controller factorisations with dif-
ferent anti-windup characteristics. Note that if the sys-

Figure 3: General layout of anti windup and bumpless
transfer framework

tem is not saturating then the original controller C(s)
is recovered. To ease some later manipulations, the Vj
and Uy are chosen to satisfy the Bezout identity with
the plant

VoM +UyN =1 (1)
where P = NM ! is a normalised coprime factorisation
of P.

To evaluate the performance of the AWBT system it is
sensible to examine the effect of the disturbance on the
input and output of the plant. Using ( 1)

Tise = I+Tisy=MQ™! (2)
P(I+Tisu) =NQ™! (3)

Tdﬁy

The A block has Lsinduced norm of 1 so a sufficient
condition for stability, from the small gain theorem, is
that || Tysulle = || -1+ MQ™'|| < 1. Using weights
on the transfer functions to be shaped we obtain an
‘H o optimisation problem to find @, it being that which
achieves
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The optimisation is solved for Q' and then Q follows.

3.1 The algebraic loop issue

From figure 3 it will be seen that if the QV, term
has a through term then, when not in saturation, an
algebraic loop will occur. In [MV96] it is pointed
out that a strictly proper plant and W; will result in
Q(00)Vo(c0) = I. In the continuous time case this
plant constraint is not severe since a sufficiently fast
low-pass filter can be added. However for a discrete
time implementation this is not the case. In any physi-
cally realisable system C(oc0)P(oc0) = 0, and from ( 1),
Vo(I + CP)M = I. Therefore, for no algebraic loop we
need Q(o0) = M(00). To guarantee this in the discrete
time case we can instead solve the modified problem
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and then reform Q = 271Q + Day.



3.2 Designing the anti-windup controller

In normal operation the only saturating input is the
first, Tc. The closer to MBT that the engine is op-
erated, the more time it will spend in saturation. The
performance of the AWBT system will to a large extent
dictate how efficiently the engine can operate. Brief
saturations are of no concern, since they will not cause
windup. If the period of saturation increases, for ex-
ample when a heavy load disturbance is encountered,
it is important to increase the air flow into the engine
so that the combustion torque ceiling is increased. The
air into the engine is controlled by the second Py, in-
put which itself is mainly affected by the second MBT-
T., torque reserve output. Thus for improved recovery
from saturation, it is important that the second syn-
thetic output is driven by the unsaturated rather than
saturated version of T¢. It should also be noted that
if the anti-windup action is sufficiently fast that the
desired T¢ tracks accurately the saturated T, then
recovery from saturation, effected by the Pyr,, input,
will be slower. Hence there is a trade-off to be had be-
tween rate of recovery from saturation and degree of
anti-windup allowable.

To recover quickly from saturation, it would be desir-
able to include a cross-coupling term from d; to us in
the controller when in saturated mode, thus when T¢
saturates the controller immediately boosts the Pay,,
value. This would require increasing the size of the
T4, —u, term. To make transfer functions large using
the standard H., optimisation is difficult and it may
be that a more suitable framework is possible.

One of the main advantages of optimisation based con-
trol synthesis techniques, from a practical perspective,
is that if the control problem fits the synthesis tech-
nique, then the engineer has simply to shape some cost
function in a sensible and intuitive way. The optimi-
sation then creates a ‘sensible’ controller for a control
problem which may be impossible to solve by a tradi-
tional technique. However, if the cost function is not
directly applicable to the control problem then opti-
misation based techniques may be harder to use since
it may not be clear how the cost functions are to be
shaped to create the desired controller behaviour. This
was the case to some extent in the work presented here.
Thus diagonal weights with varying first order charac-
teristics were tried and the resulting AWBT controller
tested. In the authors’ experience, little benefit was
obtained by using the W; weight and it was set to 0.
To illustrate the effect of a simple variation, the system
disturbance rejection characteristics were investigated
with the AWBT functionality synthesised using a range
of constant multipliers for a typical W» weight.

Figures 4 to 7 indicate the different transfer functions
and characteristic responses to a 10Nm step load dis-
turbance obtained in nonlinear simulation. The load is
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Figure 7: Controller output for various W> weights

applied at 15s. For comparison the behaviours of the
system without anti windup control and when operated
with enough torque reserve so that no saturation occurs
are also shown. Some points to note are:

The winding up of T when no AWBT is used causes
the second output to increase rapidly, increas-
ing the manifold pressure and raising the limiting
value of T¢. This in turn increases the rate at
which the system crosses back through the refer-
ence speed.

It is evident that increasing the scaling of the W5
weight from the minimum increases the speed of
recovery. This is due to the cross-term T4, sy,
which increases the Py, value as a result of the
saturation. Beyond a certain level the increased
interaction causes a lightly damped oscillation to
appear.



3.3 Anti-Windup Performance in Hardware

To test the AWBT behaviour in the test cell, a heavy
load application and removal is applied via the alter-
nator in a square waveform and the average behaviour
found. The load is near the upper end of those which
the engine would experience. It is not surprising that
the largest W, multiplier, 100, which seemed close to in-
stability in noise free simulation could not control the
system in practice and no results could be obtained
when using it. As a reference, the behaviour without
anti windup at both 2Nm and 6Nm torque reserve is
also shown. For clarity, only the 0.1W, and 10W> tests
are shown.
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Figure 8: Speed response of system under load application
and removal with anti-windup
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Figure 9: Controller outputs in hardware

The trends observed in the speed responses taken from
the engine are similar to those observed in simulation,
when the smallest value of the weight is used, the anti-
windup performs a traditional role, keeping the con-
troller output close to the actual input. This does cause
the more sluggish recovery observed in the speed be-
cause the Py, variable is not boosted significantly (ei-
ther by the cross-coupling term Ty, _,,, or by the larger
negative torque reserve). The speed response with the
higher gain on the weight exhibits some overshoot upon
recovery. This can be seen also in the torque demand
and Py, traces. In many control systems this would
be a disadvantage however in the idle control system,
speed errors above the setpoint are much less important
than those below it.

4 Bumpless Transfer

Bumpless transfer functionality in a controller is used
so that when the controller is offline the states can be
conditioned, or controlled, in such a way that when the
controller takes over the position of the active controller
the transition at the input to the plant will be smooth.
In the absence of a reference input (for both offline and
online controllers), the anti-windup scheme will, with-
out any modifications perform a bumpless transfer role.
It will adjust the states of the controller to try to get the
controller output to match the plant input. The rate at
which the controller output converges to the true plant
input depends on the ) term.

To aid in the understanding of the operation of the
AWBT scheme in bumpless transfer mode, i.e. when
another controller is actually controlling the plant, it
has been observed ( [Pax99]) that the framework with
static @) is equivalent to a Kalman filter observer. It
may be easier to understand the way the conditioning
scheme operates if one assumes that the true online
controller is similar to the offline controller, then the
Kalman filter is just doing its usual task of estimating
the states of the other system, given the inputs and
outputs of that system.

For the most freedom in tracking response character-
istics, the reference should be injected as proposed in
[Vin93]. This corresponds to the layout of figure 10,
where the reference filter ¢ is used to get steady state
accuracy and shape the response. In the case when the
online reference is different to the offline, although the
states of Up,Vp will be compatible with the true plant
inputs and outputs, in general the offline controller out-
put will not be close to the true plant input. To ensure
bumpless transfer we could feed the online reference
into the offline controller, however in many cases the
online reference is unknown or is incompatible with the
offline controller references.

Figure 10: AWBT framework with reference

Fortunately, there can be a simple solution. Referring
to figure 10, for bumpless transfer we require that at
the point of switching, the states of QUy and I — QV,
are compatible with the plant output and input respec-
tively and that the states of the reference filter Q¢
are such that up = 4. From [MV96] we have that
Q! € Hoo so if we can achieve 7 = Q1 (4 — u) then



the goal will be attained. In general, ¢ will not itself be
invertible. Let ¢ be described in state space form by

= e e ©

Then, in implementation, if Cy is square (i.e the same
number of states as outputs) and invertible the states
of ¢ can be manipulated directly to achieve

wy(k) = C;H(Q7 (a(k) — u(k)) = Dgr(k))  (7)

which gives true bumpless transfer characteristics in an
implementable form.

4.1 Bumpless transfer requirements in engines
The transition from drive to idle is difficult from a con-
trol perspective for a number of reasons:

1. The transition region during which the idle con-
troller has to match with the online controller and
plant outputs is an area of fast dynamic change,
the engine typically decelerating quickly towards
the idle regime.

2. Although a ‘bumpless transfer’ may be achieved,
because the previous controller had different ob-
jectives (to decrease the speed of the engine) the
controller state may be a long way from that
needed to halt the deceleration at the reference
speed.

3. The load on the engine will be unknown and
therefore sensible steady state values for the idle
controller cannot be estimated.

To achieve good transitioning, four engine operating
modes are defined: Transition in: In this mode the idle
controller is enabled but offline. Idle: In this mode
the idle controller is enabled and on-line. Transition
out: In this mode the idle controller is disabled and
the ABV moved to a value which ensures a smooth
pullaway. Drive: In this mode the idle controller is
disabled.

4.2 Bumpless transfer tests in hardware

As a simple test of the transition characteristics of the
controller the throttle was ‘blipped’ causing the engine
speed to race then drop back to idle. This was per-
formed once with no load and then again with a heavy
(400W) load introduced just when the controller was
capturing the speed. This is a worst case scenario.

Several remarks can be made with reference to the tran-

sitional behaviour of the system.

Most importantly, the behaviour of the engine speed
upon transition into idle is excellent. In particular
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Figure 12: Transition characteristics with extra 400W
electrical load switched in at critical time

there is little of no undershoot which may lead to
a stall situation, even though the speed reference
drops significantly when the idle controller takes
command of the inputs.

The incompatibility of the engine model when outside
the idle mode can be seen in the T and Py,
traces when in drive mode. This does not however
affect the transitional behaviour.

The addition of the extra load when the speed is set-
tling to the reference speed has the expected effect
of causing a slight dip in speed, however the con-
troller rejects the disturbance well with minimal
upset. By reading the T axis, it can be seen
that the load application corresponds to approx-
imately a 6-8Nm torque application.




5 Conclusions

In this paper, an application of the AWBT technique
described in [MV96] to a well known automotive prob-
lem (albeit in a new framework) is given. A technique
for guaranteeing the strictly proper nature of Ty, in
the discrete time case has been introduced. The appli-
cation has a number of interesting features not typical
of anti-windup and bumpless transfer problems which
have been discussed. The improvement in performance
of the system when actuators saturate has been clearly
demonstrated as have the bumpless transfer capabili-
ties.
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