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Abstract— This study presents the implementation of Quantitative Feedback Theory (QFT) for the
robust speed control of a variable reluctance motor (SRM). Introduced by Isaac Horowitz, QFT is a
robust control approach formulated in the frequency domain, allowing for the systematic handling of
parametric uncertainties and external disturbances while respecting predefined performance
constraints. Unlike classical control strategies, which are generally based on a nominal model of the
system, QFT explicitly considers a set of uncertainties describing the possible variations of the model.
This consideration guarantees both robust stability and performance maintenance throughout the
uncertainty range. Applied to SRM control, the proposed method significantly improves the dynamic
response, disturbance rejection capability, and system stability margins. Simulation results and
experimental tests confirm that the QFT controller provides more precise speed regulation, faster
transient response and increased robustness to parametric variations and load disturbances, compared
to conventional proportional-integral (PI) control.
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L INTRODUCTION

Switched reluctance motors (SRMs) are characterized by
their rugged structure and notable economic benefits, which
make them highly suitable for a broad range of industrial
applications. Their simple construction arises from a salient-
pole stator equipped with concentrated windings, enabling
shorter end turns and simplified manufacturing, combined
with a salient-pole rotor that contains no windings or
permanent magnets, making it one of the simplest rotor
designs available.

This robust and simplified design results in low
manufacturing cost and high reliability. In addition, when
combined with high-speed capability and a high torque-to-
inertia ratio, it makes SRMs attractive for industrial
applications that require strong dynamic performance and
long operational lifetime [1].

Model uncertainty significantly complicates controller
design, as the controller must satisfy performance
requirements not only for a nominal model with fixed
parameters, but also across all possible models within the
uncertainty bounds. Designing or analyzing an optimal
controller separately for each system configuration—i.e.,
using a brute-force approach—becomes highly time-
consuming and, in many cases, practically infeasible [2].

Robust control engineering is thus a branch of control
engineering dedicated to explicitly addressing modeling
uncertainties and designing reliable control laws capable of
ensuring the required stability and performance across all
real-world system models..

Quantitative Feedback Theory (QFT), introduced by
Isaac Horowitz, is a frequency-domain robust control
approach specifically developed for systems affected by
parametric uncertainties and significant disturbances. Its
main principle relies on explicitly addressing the trade-off
between performance, robustness, and controller complexity.

Unlike classical approaches based on a single nominal
model, QFT allows the synthesis of a single, invariant
controller capable of guaranteeing the desired performance
for all possible models of the system. This property is
obtained by translating the performance specifications and
model uncertainties into design boundaries on the Nichols
diagram, which serves as a graphical representation of the
loop shaping process [2].

Quantitative Feedback Theory (QFT) is an innovative
design methodology for developing robust controllers
capable of maintaining desired performance despite system
uncertainties. Its main strength lies in the quantitative
determination of the feedback level required to meet
performance specifications in an uncertain environment.

QFT relies on the use of frequency bounds to guide a
manual loop shaping process, thus providing the designer
with a deep understanding of the trade-offs between
robustness, performance, and complexity. While this
approach requires advanced expertise in frequency analysis
and control synthesis, it enables the development of
transparent  controllers  with  rigorously  guaranteed
performance and stability.
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This paper presents the application of Quantitative
Feedback Theory (QFT) to the speed control of a switched
reluctance motor (SRM). The remainder of the paper is
organized as follows: Section II describes the control
principles of the SRM drive. Sections III and IV present the
proposed QFT controller and its implementation for SRM
speed regulation, along with simulation results that
demonstrate its effectiveness. Finally, Section V provides the
concluding remarks.

II.  SRM MODEL

A. Description of the system

The switched reluctance machine (SRM) is characterized
by an exceptionally simple structure: windings are present
only on the stator, whereas the rotor—constructed entirely
from laminated rolled steel—contains neither conductors
nor permanent magnets. This rugged and uncomplicated
design lowers manufacturing costs substantially and
enhances reliability. Owing to this mechanical simplicity,
along with recent progress in power electronics, the SRM
has drawn growing attention over the past decade, leading to
extensive research and various industrial applications. When
compared with alternating current (AC) and direct current
(DC) machines, the SRM presents two key advantages [3]:

 High reliability is achieved because each phase operates
largely independently, both magnetically and electrically,
which enhances fault tolerance and facilitates maintenance.

* In addition, SRMs offer very high-speed operating
capability, since the rotor contains no windings or
permanent magnets. This allows operation at very high
rotational speeds, typically in the range of 20,000 to 50,000
rpm, while maintaining strong mechanical and thermal
stability.

In an SRM, motion is generated through the variation of
magnetic reluctance in the air gap. When a stator phase is
excited, it produces a magnetic field, and a reluctance torque
is developed that drives the rotor toward the position of
minimum reluctance alignment [4]. Figure (1) illustrates a
cross-sectional view of the machine.

The schematic of the proposed speed control system is
illustrated in Figure (2). The power circuit consists of an
asymmetric H-bridge converter connected to the stator of
the switched reluctance machine (SRM). Each phase of this
converter comprises two IGBT transistors and two diodes
connected in antiparallel, thus ensuring bidirectional
switching of the phase current.
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Fig. 1. Switched reluctance motor

The QFT controller produces a control signal based on the
speed error, which is computed as the difference between
the reference speed and the measured speed. This signal is
subsequently integrated to generate the current reference
that is applied to the system. The key parameters
characterizing the SRM employed in this study are provided
in the appendix [4, 5].
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Fig. 2. Control of SRM

B.  Machine equation

Although SRM is mechanically simple, its mathematical
modeling is challenging due to highly nonlinear behavior.
This nonlinear behavior stems from the fact that the flux
linkage depends on two variables: the phase current (I) and
the rotor position (0). The model obtained from the
equivalent electrical circuit is expressed as follows:

d¥ (i, 0)

1
7 (M

V,=RI, +

Then we can write:
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a¥,G.0) di  d¥,(.0)
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e Robust Stability: Ensure all possible closed-loop

Vj =RI J : (2) systems are stable. Specified by a maximum peak
di dt do of the closed-loop function
with j=1,2.3
H Ymes M P (j W) 'G(jw)
Where: (0] =ﬁ |H(.]W)|: _(]W) = . . SM!’
dt Yy 1+ P(jw).G(jw) (6)
The dynamic equation is: Vwe [0 © [
Jd_w =T - T —Fw 3) M; These curves represent the set of points on the Nichols
dt e chart where the magnitude of the closed-loop transfer

The total average torque 7. is produced by the
superposition of torque from each individual phase:

function remains constant.

e Reference Tracking: Ensure the output Y(s)
tracks the reference Yrf(s) within a tolerance band.
Specified by upper and lower bounds

Te = ZTphase (4)
phase =1 . .
. L P(jw).G (jw )
[mwf<| F () TGN )|
where 1+ P(jw).G(jw) (7)
_1dL@.) . Vel ol
phase 2 do

Where V : the terminal voltage, / : the phase current, R -
the phase winding resistance, ¥ : the flux linked by the
winding, J : the moment of inertia, F : the friction, L(8,i):

the instantaneous inductance and T, is the total torque.

e

III. QUANTITATIVE FEEDBACK THEORY MODE SPEED

CONTROLLER

A. Quantitative Feedback Theory principle

1) Step 1: Define Uncertainty & Generate Templates
Figure (3) illustrates the feedback structure adopted in the
QFT design methodology. The plant P(s) is subject to
parametric uncertainties and unknown disturbances D(s).
The controller G(s) is designed to mitigate the impact of
these uncertainties and disturbances on the plant output. In
addition, it may incorporate a filtering function F(s) to shape
the system response in accordance with the specified control
requirements.

Pre-filter Controller
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Fig. 3. A closed-loop system.

2) Step 2: Specify Performance Requirements

QFT translates time-domain specs (e.g., overshoot,
settling time) into frequency-domain bounds on the closed-
loop transfer function. Common specs include:

my and my are the system response time limit.

e Disturbance Rejection: Limit the output due to
disturbances. Specified by a maximum magnitude

o
| D| 1+P (WG (w)|

VWE[O oo[

S(jw)|=
| S(jw)| .

M; is the disturbance limit at the system output.

3) Step 3: Translate Specifications into Bounds
This is the heart of QFT. For each frequency ® and for each
performance specification:
o Use the corresponding plant template { P(jw) }.
e Calculate the maximum allowable closed-loop gain
(from the specs).
e Mathematically translate this requirement into a
constraint (bound) on the loop transfer function

L(jw) = P(jw).G(jw) on the Nichols Chart.

e This results (L(jw)) in a set of boundary curves
for each frequency. The controller G(jw) must be
designed so that the nominal

L,(jw) lies on the correct side of all these

loop function

bounds at their respective frequencies.
4) Step 4: Loop Shaping (Designing G(s))
The aim is to design a controller G(jw) so that the nominal
loop function L,(jw) = P, (jw).G(jw)
e meets all specified bounds on the Nichols chart
across every frequency.
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e Achieves this with the minimum possible gain and
bandwidth (to avoid noise amplification, actuator
saturation, and to ensure robustness).

F,(jw) is a specific plant chosen from the uncertain set

{ P(jw) }, typically the "median" or "most representative"
plant.

5) Step 5: Design the Pre-filter F (s)
The job of F'(s) is to fine-tune the reference tracking

performance after G(s) has been designed.

B.  Quantitative Feedback Theory controller

Using equation (3) and using the Laplace transform, the
mechanical equation is modeled as follows;

w(s) 1
T.(s) Js+F

With d =T,
Figure (4) presents the feedback control block diagram

Yrir E(s) }—: jf—-r

Fig. 4. The feedback control block diagram

d=T:
—# Dis)

G(s)—» P(s)

With two parameters with independent uncertainty Table 1.

TABLE L. PARAMETRIC UNCERTAINTY FOR SRM
Parameter Unit Percentage of variation

J Kg/m? 13*%10*+£50%

F Nm/s 183 *10°+50%

The frequency spectrum for this analysis ranges from 1
rad/s to 10,000 rad/s. To accurately capture the system's
dynamics, particularly the slopes in the frequency response,
this base range was augmented with additional points. The
final frequency array, which is also provided in the QFT
toolbox, is [6-16]:
w=[15 10 100 200 300 500 700 1000 2000 10000]rad/s

Figure (5) presents the Bode plot of the plant. Figure (6)
illustrates the template generation procedure. On the Nichols
chart, a template refers to the collection of all possible
frequency responses of the plant at a given frequency,
accounting for the full range of parametric uncertainties.

®
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Fig. 5. The bode plot of plants.
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Fig. 6. The Nichols chart of plants of power plants.

C. Performance Specifications

(10)

a) Sensitivity or  disturbances at plant output
specification
While the disturbance rejection  performance
specifications are [6-12]::
| 1 |< s/a,
|1+P(jw).G(jw)| sla, +1

with a, =1000
w=[15 102040 60 80 100 200 300 500 700 1000] rad/s
b) Reference tracking specification:

Figures (7) shows the step responses for the upper, my(®)
and lower, mj(w), boundaries. Figure (7.a) presents the time-
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domain responses, while Figure (7.b) shows their
corresponding frequency-domain translations [6-16]:.
Step Response
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Fig. 7. Reference tracking specification a) time domain, b) frequency
domain
. . P(jw).G(jw) .
m; (jw) <|F(jw) |< m, (jw)

1+ P(jw)G(jw)| "
for w>0rd/s

(11)

The settling time constraints are delimited by the
responses of the lower and upper models, which
respectively establish the minimum and maximum allowable
settling times.

(o) — 38465 +192308 12
! 5% +398,7.5 +19230.8
m, (w) = 0 (13)

52 +90.5 + 2500

D. Controller design

The controller G(s) and the prefilter were designed
according to the most stringent performance requirements.

13

Figure (8) presents the resulting Nichols chart, which
shows both the design bounds and the compensated open-
loop transfer function P(s)G(s) [6-16]. Once the QFT
bounds are established, the nominal loop transfer function
Py(s) is shaped by introducing appropriate poles and zeros.
This process guarantees a stable nominal closed-loop system
that meets all performance bounds. Next, the robust tracking
specifications are used to compute the magnitude bounds for
the prefilter F(s). The synthesized prefilter must remain
within the upper and lower bounds, denoted my(w) and
my(®). respectively. The resulting controller for the element
G(s)G(s) includes a first-order high-pass filter [6—16].

5.(%“)
g(s) = —— - (14)
S. +1). +1
(973.875 )(15725.7 )
And prefilter are :
1
S(s)= (15)
S
—+1
199
Nichols plot
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Fig. 8. Loop-shaping design of SRM control

Figures (9) and (10) demonstrate how the control
system, comprising g(s) and the QFT-designed prefilter £ (s),
meets the required performance specifications. Figure (9)
presents the frequency-domain design, while Figure (10)
validates the robust tracking performance through a time-
domain analysis with some sample plants. The dashed blue
curves are the same curves as in Figures (7.a) and (7.b).
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Fig. 10. Analysis of controller g(s) and prefilter f{s) for p(s). Reference
tracking: mu, m/.

Iv.

To evaluate the QFT controller's performance, the
system depicted in Figure (1) was simulated. A no-load
startup  scenario was  implemented using  the
MATLAB/Simulink environment.

SIMULATION RESULTS
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Fig. 11. Step Response of the system from 0 to 75 rd/s
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Fig. 12. Step Response of the system from 75 to 150 rd/s
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Fig. 13. Step Response of the system from 0 to 100 rd/s with load

Figures (11) and (12) show the simulated step responses of
the system. In all cases, the responses remain successfully
within the predefined tracking bounds.

Figure (13) illustrates the disturbance rejection performance
of both the QFT and PI controllers (with Kp=0.25 and Ki=3)
operating at 100 rad/s, under the application of a sudden
load torque of 1.5 N-m at t=0.25 s.

Compared with conventional PI control, the response
time of QFT control is faster than that of PI without
overshoot, while PI has an overshoot of 12.5%.

And rhe QFT controller rapidly rejects the load
disturbance with negligible steady-state error.

V.

This paper presents a novel robust speed control
approach for switched reluctance motors based on
Quantitative Feedback Theory. The proposed controller
demonstrates a remarkable ability to simultaneously manage
parametric uncertainties, external disturbances, and inherent
system noise. Its architecture incorporates a digital
implementation coupled with integral action, thus ensuring
effective compensation of static errors. Simulation results
highlight the robustness and tracking accuracy of the
controller, surpassing those obtained with conventional
approaches.

The Quantitative Feedback Theory (QFT) approach is
distinguished by its inherent adaptability, enabling the
maintenance of high dynamic performance despite variations
in process parameters and load fluctuations. Furthermore, the
QFT-based speed control strategy guarantees a fast,
overshoot-free transient response while ensuring error
elimination in steady state. These characteristics confirm the
potential of QFT as a robust and efficient method for
controlling nonlinear systems subject to uncertainties.

CONCLUSION

APPENDIX

Phase number 3; Number of stator poles 6; 30° pole arc;
Number of rotor poles 4; 30° pole arc; Maximum inductance

15

8 mH (unsaturated); Minimum inductance 60 mH; Phase
resistance R =1,3 QO ; Moment of inertia J=0.0013Kg/m?;
Friction F=0,0183 Nm/s; Inverter voltage V'=150V.
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