
IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 12, NO. 3, MAY 2004 465

Automotive Gas Turbine Regulation
R. Whalley and M. Ebrahimi

Abstract—A multivariable model of an automotive gas turbine,
obtained from the linearized system equations is investigated.
To facilitate vehicle speed changes, whilst protecting the system
against thermal damage, control of the power turbine inlet gas
temperature and gas generator speed is proposed by feedback
regulation. Fuel flow and the power turbine nozzle area variations
are the selected, manipulatable inputs. Owing to the limited
control energy available for regulation purposes a multivariable,
optimum, minimum control effort strategy is employed in the
inner loop controller design study. Simulated, open and closed
loop system responses are presented for purposes of comparison.
Significant improvements in the transient response interaction
reaction times and low steady state output interaction achieved
using passive compensation and output feedback alone. Simpli-
fication of the closed loop configuration is proposed in the final
implementation without performance penalties.

Index Terms—Automotive, control, gas-turbine, optimum.

NOMENCLATURE

Numerator of matrix.
Element of function.
Coefficients of scalar.
Polynomial function.
Leading coefficient of scalar.
Denominator of function.
Transformed fuel flow signal scalar.
Outer loop filters function.
Transfer function array matrix.
Transfer function array for analysis ma-
trix.
Uncompensated system model matrix.
Elements of function.
Transformed feedback path compensator

function.
Identity matrix matrix.
Performance index functional.
Transformed forward path compensator

function.
Gains of scalar.
Gains of scalar.
Left row factors matrix.

m Number of inputs and outputs scalar.
transformed nozzle actuator signal
scalar.
Gain ratios scalar.
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Pre-compensator matrix
Coefficient array matrix.
Transformed reference input function.
Right column factors matrix.
Reference input gains scalar.
Transformed gas temperature signal
scalar.
Transformed gas turbine speed signal
scalar.
Transformed input vector.
Transformed output vector.
Hardy space space.
Finite time delays matrix.
Degree of scalar.
Gas turbine time constant scalar.
Disturbances vector.

I. INTRODUCTION

TRIALS on automotive gas turbines have been conducted
for over two decades in order to develop this system and

demonstrate effectiveness. In particular, the possibility of pro-
viding an alternative to diesel engine propulsion for “large” road
vehicles has been a much stated aim [1], enabling higher ve-
hicle power-weight-ratios, improved reliability and lower main-
tenance costs to be attained.

In this respect gas turbine propulsion must eclipse the effi-
ciency and cost effectiveness commanded by internal combus-
tion engines. Moreover, the driving controls must be analogous
to those for existing prime movers wherein increases and reduc-
tions in power are achieved via increases or reductions in the
angle of an accelerator pedal.

Although the part-load efficiency of gas turbine plant is
“poor” the advantages of this prime mover in terms of its power
to weight ratio and compactness are impressive. Additionally,
the low cost of these units, once they are provided by volume
manufacturing, their reliability and vibration free performance
are all attractive features.

To improve fuel efficiency, at less than full load, automo-
tive gas turbines have variable geometry, power turbine nozzles.
This enables the gas temperature, at the inlet to the power tur-
bine, to be maintained at “high levels” increasing efficiency and
reducing fuel consumption thereby.

Automotive gas turbine power plant have therefore manip-
ulatable inputs, which comprise the power turbine nozzle area
and the fuel flow rate to the combustion chambers. The outputs,
which are to be regulated, are the gas temperature at the nozzle
exit, since the power output from the system is proportional to
its cube, and gas generator speed, as discussed in [2].

A typical automotive gas turbine arrangement is shown in
Fig. 1. Essentially, air entering the system is compressed, passed
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Fig. 1. Arrangement of automotive gas turbine.

through a heat exchanger, enabling a further increase in tem-
perature from the exhaust gas stream to be obtained, before en-
tering the combustion chambers. Fuel is continuously injected
into these chambers and the resulting hot gas is expanded, first
through the compressor turbine and then through the power tur-
bine via a variable orifice nozzle.

In this application the output variables to be regulated are
the gas generator speed and the temperature of the gas stream
entering the power turbine, which dictates the vehicle speed.
Moreover, the gas stream temperature excursions have to be
confined in order to prevent creep and blade damage.

In order to effect regulation the fuel flow to the combustion
chamber may be varied and this will alter both the gas stream
temperature and the gas generator turbine and compressor
speed. Similarly the gas stream nozzle area may be altered.
This also changes the gas temperature and the power output
rendering the system model highly interactive. Further details
of compact general purpose gas turbines are given in [3].

The linearized model of the system forms a two input—two
output, multivariable system. To design a minimum control ef-
fort, multivariable controller for this process the theoretical de-
tails given in Section II must be followed. Importantly, this con-
troller also exploits the naturally occurring high gain channels
of the system model ensuring that low feedback gains and eco-
nomical implementation are achieved thereby.

II. CLOSED-LOOP ANALYSIS

Automotive gas turbine models may be represented by an
input-output relationship. Herein, the general transformed,
precompensated system models employed are assumed to be
linear, finite dimensional, and time invariant realizations, in the
Laplace variable s, denoted by where

Models with inputs and outputs, admit a rational, factor-
ization

(1)

where

In (1), contains the left (row) factors, contains the
right (column) factors and contains the transformed, actu-
ator finite time delays of such that the matrices
comprising 1 are

and is a matrix of rational function, such that det
, with elements

(2)

The transformed input–output disturbance relationship is
therefore

(3)

If the inner loop control law is

(4)

then combining (3) and (4) yields

(5)

The finite time delays in may be ordered with:
, so that the forward path gain vector can be

arranged as

(6)

and since

(7)

then if
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where and are proper or strictly proper, stable, re-
alizable, minimum phase, rational functions then they may be
selected such that (5) becomes

(8)

where in (8)

(9)

(10)

The determinant required in (8), as shown in [4] is

(11)

The inner product in (11) may be expressed as

...
...

... ...
(12)

If in (12) the gain ratios are

(13)

(14)

then (14) implies that

(15)

where in (15)

...
...

...

and; , are the coefficients of , given in (14).
Providing can be selected in (15) so that the

matrix is invertible then a unique solution for
exists.

III. MINIMUM CONTROL EFFORT ANALYSIS

Now that a route for analyzing closed loop systems, using
the transfer function matrix and output measurements alone has
been established, the possibility of optimizing this process can
be considered. An indication that the freedom exists to do this
arises from the arbitrary choice of , etc. for the gain ratios.

Minimizing the control effort, to disturbance inputs, under
closed loop conditions, with the restriction that the controller
model generates a particular polynomial, would provide a
useful result. This polynomial influences the migration pattern
of the closed-loop poles so that control effort minimization to
disturbances and the desired system response to input changes
could be achieved simultaneously. The controller equation for
a system having m inputs and m outputs is given by (3).

The control effort at time t, from (4), with is

(16)

then for arbitrary changes in the transformed output vector ,
following arbitrary disturbance changes, minimizing:

(17)

would minimize the control effort given by expression (16). If
the relationships

are adopted, then (17) can be written as

(18)

and . The closed-loop determinant is
given by (11) with the inner product equated to , as in (14),
then from (15)

(19)

Upon substituting for from (19), (18) becomes

(20)

To find the concave minimum value for J, assuming, for ex-
ample, that gives

where J is minimized when

if .
For a numerical minimization routine would have to

be employed to establish the values of which
minimize J. There are many procedures available for this task
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(a) (b)

(c) (d)

Fig. 2. (a) Temperature variation following a unit step change on the fuel flow. (b) Speed variation following a unit step change on the fuel flow. (c) Temperature
variation following a unit step change on the nozzle area. (d) Speed variation following a unit step change on nozzle area.

as indicated by [5] with rapid convergence and high accuracy
characteristics. This completes the analysis.

IV. AUTOMOTIVE GAS TURBINE MODEL

Linearized, small signal models of automotive gas turbines,
operating under specified load conditions, are presented in
[1]–[3], [6]. The input vector for these transformed models is

and the output vector is where

(21)

and in (21)

Consequently, (21) relates the changes in the outputs of the
transformed gas stream temperature , as it enters the power
turbine and the transformed gas generator speed to the
transformed fuel flow rate changes and the transformed
nozzle area changes . Disturbances owing to loading,
environmental changes and internally generated shock and
vibration also enter the system affecting both speed and the gas
stream temperature variations. It is evident from (21) that the

matrix has many remote poles and zeros, which could
be safely discounted without significantly affecting the design
process. If these singularities are extracted, adjacent poles are
combined and steady state conditions are maintained then the
matrix model, for analysis purposes, becomes

(22)

Fig. 2(a)–(d) shows the transient responses for unit step input
changes first on the fuel flow rate and then on the nozzle area.
The full lines show the original model transients while
the dotted lines depict the reduced transients. As these
responses indicate the differences in these characteristics are
relatively small.

Consequently, the reduced model will be used in the con-
troller design exercise. The procedure is sufficiently robust to
allow this relaxation. Moreover, this will be demonstrated by
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using the derived controller together with the original model in
the final, digital simulation of the closed-loop system.

The objective of the regulation exercise is to improve the
speed of response the system so that steady state conditions
are achieved in less than 0.1 seconds. Commensurate with this
aim the outputs should be substantially decoupled enabling the
virtual adjustment of either output via independent, input ref-
erence, set point variations. These specification requirements
should be attained whilst employing, inner-loop, minimum con-
trol effort in the suppression of arbitrary disturbances.

V. DETERMINING THE CLOSED-LOOP DENOMINATOR

The transfer function matrix given by (22) can be arranged,
following the extraction of row and column factors as

(23)

where in (23)

since in (5), with

(24)

and from (11) the determinant required in (24) is

(25)

where, in (25), if

(26)

(27)

then the closed-loop characteristic equation from (25) becomes

(28)

If now the inner product of (28) in accordance with (14) is
equated to a polynomial then

(29)

In (29) if , then with: , the
closed-loop poles are: and
the dominant closed-loop pole is .

By selecting this pole configuration the dynamics of the two
outputs become distinctly different enabling simple outer loop
tuning, as shown later. Before this can be demonstrated the gains

, and need to be determined from the optimization
analysis in Section 6. This analysis enables these values to be
calculated so that least control effort is required, for disturbance
regulation purposes. Owing to the limited generator capacity,
in automotive applications, where space and mass restrictions
inhibit alternator size and hence the provision of strictly finite
electrical energy supplies, this requirement becomes mandatory.

VI. OPTIMIZATION

Equating the numerator of (28) to yields

(30)

Equation (30) can be expanded, as in (12) becoming

(31)

Putting in (31) gives, as in (15)

(32)

where in (32), may be set to unity, so that

and since , and if the performance index is
defined as

as in (17), then here

(33)

where in (33), .
Expanding (33), following the substitution of and yields

(34) shown at the bottom of the page. Equation (34) is mini-
mized when

(35)

(34)



470 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 12, NO. 3, MAY 2004

Fig. 3. Performance Index J against gain ratio n.

providing: . From (35) we show (36) the bottom
of the page. From (36), the values of n which satisfy (35) are

(37)

From the graph of J against n shown in Fig. 3 it is evident that
the absolute minimum occurs when:

(38)

Upon substituting this value of n into (32) with and

(39)

Equations (26), (27), (38), and (39) fully define the feedback
and forward path controller parameters completing thereby the
inner loop closed-loop synthesis.

It is easy to show by calculating the inner, closed-loop transfer
function of

that is shown in the equation at the bottom of the page.

For a unit step reference input changes on , the system
produces rapidly responding, increasing, oscillatory, tempera-
ture change transients and relatively slowly increasing, oscil-
latory, speed transients. The very large steady state excursions
encountered, under open loop conditions, have also been con-
tained now.

These responses are shown in Fig. 4 where the widely dif-
fering reaction times to quiescence are evident. Owing to these
differences, simple outer loop controls can be employed to se-
cure specified transient conditions with the steady-state output
coupling being confined to less than 5.0%.

Simple passive filters may now be utilized to achieve the com-
pensation required. This is discussed in Section VII.

VII. TUNING THE OUTER LOOP

To obtain smooth, rapid, overdamped temperature changes a
filter comprising two cascaded, simple delays of approximately
0.04 and 0.004 s were used together with a low, outer loop for-
ward path gain of 0.04 giving

. This calmed the rapid, oscillatory transient arising from the
inner loop feedback whilst maintaining “low” output steady-
state and transient coupling, as shown in Fig. 5(a). This was

(36)
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Fig. 4. Inner closed loop system response following a step change on r(t).

attained without the need for complicated decoupling pre-com-
pensation or, in view of the restricted regulation energy avail-
able, integrators, as in [6]–[7].

The speed transient was also easily tuned using a phase lag
filter of and a higher outer loop for-
ward path, steady state gain of 0.6666. This resulted in smooth,
monotonic changes in the gas generator compressor/turbine ve-
locity and a rapidly decaying temperature transient, as shown
in Fig. 5(b). The final closed loop transfer functions, if required
could be estimated from these responses. Direct computation
of the closed loop transfer function matrix would be difficult,
computationally, owing to the time constant range of the system.
Even simulation required the use of an initial small step size in-
tegration routine for “stiff” system models.

Closing each of the outer loops separately, does not lead to
significantly, interactive output variations owing to the relatively
long time transient of over 20.0 s being present in the speed re-
sponse, shown in Fig. 4, with the inner loops closed. The effect
of this time constant is largely absent from the temperature re-
sponse of Fig. 4 owing to the inner loop, “near”, pole-zero can-
cellation. As a consequence, following the closure of the inner
loop, these two transients are distinctly different in character
due to the effect of the dominant pole enabling single-loop tech-
niques to be employed in the selection of the outer loop filters.

A simulation of the block diagram configuration for the com-
bined system was used to obtain the transients of Fig. 5(a) and
(b), excluding random noise disturbances and with
and . The very low gains assigned to and had
little discernable affect on the output transients and the simpli-
fied representation, shown in Fig. 6, could be employed for im-
plementation purposes.

VIII. CONCLUSION

In this investigation the control of a small signal, linearized,
automotive gas turbine model was considered. The model was

obtained from measured, frequency response results from the
actual system from which curve fitting procedures enabled a
linearized, transfer function representation to be formulated.

The model, relating the two inputs of fuel flow and nozzle
area change to the outputs of gas temperature and gas gen-
erator speed changes, was very poorly conditioned. The time
constant range differed by a factor of 350.

A low-order approximation for the original model where
remote singularities were neglected provided a simple analysis
route. However, the gain disparity between column 1 and
column 2 of the transfer matrix model remained, in view of the
steady state output values. This had a marked influence on the
inner loop design. Indeed the numerical values arising from
the system model produced some extra ordinary ranges, as the
analysis progressed.

In particular, the forward path gain ratio of and
and similarly, the measurement, feedback

gains of and reflected this wide
gain difference between columns 1 and 2 of the model.

These results for the inner loop feedback of the compensated
system are in respect of the minimum control effort regulator.
Generally, owing to the very high gains in column 1, of the
transfer function matrix, the minimum effort regulator exercises
control via this channel leaving the “ channel” virtually unaf-
fected.

In this way, the naturally occurring high gain paths through
the system are exploited, minimizing thereby the amount of con-
trol effort and actuator activity which would be required in order
to effect the required regulation.

This is true for any singularity and value. In selecting
the function of the sensitivity of the system was sig-
nificantly reduced, when , as this expelled the trou-
blesome poles to remote regions of the complex plane whilst
forcing the system, with the inner loop closed, to behave pre-
dominantly as robustly stable, simple delays with a superim-
posed high frequency oscillation.
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(a)

(b)

Fig. 5. (a) Output response following a step input change of unity on r (t). (b) Output response following a step input change of unity on r (t).

Closing the outer loops sequentially thereafter was relatively
simple. The closure of loop 1 required two simple filters in
cascade to achieve the fast, well behaved response shown in
Fig. 5(a) and (b). Upon closing the second loop a phase lag filter
was required owing to the residual output oscillation on the tem-
perature characteristic leaving the principal gas generator speed
response smooth, monotonic and sufficiently fast, for automo-
tive applications, as shown in Fig. 5(b).

Finally, simplification of the control system block diagram,
which would result in a more economical configuration, was
explored via the simulation study. Essentially, this confirmed
that the very small gains on and could be disregarded so
that the inner loop feedback reduces to as shown in
Fig. 6.

Fig. 6. Block diagram of final closed loop system for implementation
purposes.
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