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Model predictive control of a high speed switched reluctance generator
system

Sava Marinkov, Bram de Jager and Maarten Steinbuch

Abstract— This paper presents a novel voltage control strat-
egy for the high-speed operation of a Switched Reluctance
Generator. It uses a linear Model Predictive Control law based
on the average system model. The controller computes the
DC-link current needed to achieve the tracking of a desired
voltage reference in the presence of an unknown electrical
load current. Its output is converted into a pair of excitation
angles (turn-on/turn-off) by means of optimized scaling and
mapping, while minimizing the dominant high-speed power loss.
The constraints on the average DC-link voltage and current
signals are directly handled. A numerical example is provided
to validate the effectiveness and the robustness of the proposed
control scheme.

I. INTRODUCTION

The Switched Reluctance Generator (SRG) has gained
significant attention among researchers for purposes of high-
speed electricity generation [1]-[3] due to its high reliability,
fault tolerance, high power densities and the ability to
operate in harsh environments. The SRG is characterized by
salient poles both on the stator and the rotor and by the
windings which consist exclusively of coils wound around
the stator poles. The absence of brushes, rotor windings and
permanent magnets helps to simplify its design and reduce
manufacturing costs. It also yields a machine with a simple
and rugged structure that is easy to cool and maintain and
that has a wide speed range capability. These features put
the SRG in a favorable position for industrial applications
within, e.g., automotive and aerospace industries.

However, commonly reported disadvantages of the SRG
are the need for position feedback sensors and power elec-
tronics for control, acoustic noise and the presence of cur-
rent/torque ripple. Its dynamics is nonlinear as it operates on
a principle of changing flux which is nonlinearly dependent
on both the phase current and rotor position [4].

At high speeds, the SRG is controlled in a Single-Pulse
(SP) mode, where only the turn-on and turn-off excitation an-
gles are adjusted to keep the desired output (power, voltage,
etc.) close to its reference. When compared to the actual rotor
position, the excitation angles provide the information when
the phase current pulses should occur. Generation is achieved
if the pulses appear while phase inductance is decreasing, i.e.,
after the rotor and stator poles have passed the alignment
point [5].

Many authors have treated the topic of finding the optimal
excitation angles w.r.t. a certain optimality criterion. For
instance, they can be found experimentally by minimizing
the RMS phase current [4], [S] or by maximizing the average
output to input power ratio [1]. As a consequence, an exten-
sive experimentation is required which becomes especially
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cumbersome for variable speed/voltage applications. Alterna-
tively, the optimal excitation angles can be computed using a
machine Finite Element Model (FEM). This idea is pursued
in [6] where the turn-on and turn-off angles are derived from
FEM data by maximizing the electro-mechanical efficiency
and the average produced torque. In [7] the relationship
between the optimal excitation angles and the peak phase
flux linkage is established over a wide speed range of
SRG operation. In [3] an online search-based algorithm is
proposed to find the excitation angles that correspond to
the desired DC-link current with a minimal current ripple.
However the need for the additional current measurement and
the quality of the same, as well as the inherent sensitivity of
the design on the changes in speed, limit its application.

Irrespective of the choice of optimality criterion, the
general SRG control structure consists of a PI controller and
a component which computes the optimal excitation angles
from the PI output [4]-[7]. Typically saturation blocks are
used to constrain the angles, e.g., in [3], whereas the bounds
on the related voltage and current signals are not addressed.
Recently several papers described the use of Model Pre-
dictive Control (MPC) for the Switched Reluctance Motor
(SRM) torque control [8]-[10]. One of the main advantages
of using MPC over conventional control techniques such as
PID is the possibility to enforce the current and voltage limits
[11]. Yet, to the best of authors’ knowledge there is a lack of
literature concerning the use of MPC in the context of SRG
control.

In this paper, the MPC is employed to control the output
(DC-link, capacitor) voltage of a high-speed SRG electricity
generation system and to directly handle the system input
and output constraints. Specifically, the two phase 4/2 SRG
of Fig. 1 is considered. The key idea exploited, which enables

stator
pole

Fig. 1.

Cross section of a two phase 4/2 SRG

the formulation of a linear MPC, is to observe the SRG
simply as a source of charging current for the capacitor
that couples the generator to the load. Namely, the MPC
is designed by focusing on the dynamics of the capacitor,
instead of the nonlinear SRG dynamics. Thus, it is possible
to construct a computationally cheap explicit MPC law using
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the Multi-Parametric Toolbox [12]. The MPC calculates the
average DC-link current needed to track the desired capacitor
voltage reference in the presence of load disturbances and
signal constraints. The appropriate pair of excitation angles is
further obtained from the MPC output such that the required
current is generated with a reduced high-speed power loss.
The paper provides a detailed description of the model-
based optimization process involving the construction of the
scaling and mapping between the average DC-link current
and the excitation angles. The solution effectively provides
the compensation for the varying speed and frees the user
from the exhaustive experimentation and/or FEM modeling.
However, some measurements are needed beforehand to fit
the model parameters, such as the characteristic inductance
values.

This paper is organized as follows. Section II provides the
nonlinear continuous time equations describing the physical
behavior of the SRG electrical generation system. It also
introduces a simplified, high-speed model of the system used
in the design of the proposed control law. In Section III the
MPC voltage controller and the procedure for finding the
optimized excitation angles are given. Section IV contains
a representative numerical example, and conclusions are
presented in Section V.

II. MODELING OF THE SRG
A. Physical model of the SRG system

The voltage equation for each SRG phase p € {1,2} is
given by

dy (ip, 6p) .

% =V, —Rpip, (1)
with

Wp(ips 0p) = Lp(ip, 6p)ip. 2

Here i,,vp,6p,L,, ¥, and R, are used to denote the phase
current, voltage, rotor position, inductance, flux linkage and
winding resistance. Phase voltage is typically regulated by
means of an Asymmetric Half Bridge Converter with two
controllable switches (S, and §> ;) per phase, as shown in
Fig. 2. In Single-Pulse mode S}, and S, are operated in
unison: during excitation both of them are closed, resulting in
Vp = V4, Whereas during generation both are open and thus
Vp = —Vq, Where vy, is used to denote the capacitor voltage.
Switching occurs at precise rotor locations according to the

Fig. 2. Converter power circuit for a two-phase SRG.

commutation rule defined by a pair of excitation angles: turn-
on (6,,) and turn-off (6,r) angle. Thus, the excitation angles
are treated as the main control inputs in the SRG electrical

generation system. To capture the effect of commutation on
phase voltage, it is useful to define the phase variable u),

1 for 6,, < 9,, < 9(,ff

u, =4 —1 for 6,/ <6,<6, 3)

0 otherwise,
where u, = 1 denotes the excitation interval, u, = —1 the
generation interval when i, # 0, and u, = 0 the generation
intervals when i, = 0. The position of the rotor during the

generation interval in the moment when the phase current
extinguishes is denoted with 6,. Now, it holds

Vp = Vacltp. 4)

The excitation (i, ) and generation (ig ,) currents [13] are

. i, foru,=1,
e - . 5
fep {0 otherwise, )
. i, foru,=-1,

= . 6
e.p {O otherwise, ©

and the cumulative DC-link current is
m m
ige =Y igp— Y lep; @)
p=1 p=1

where m =2 is the total phase count. The last equation can
be rewritten in a more compact form as

ige=—Y ipltp. 8)
p=1

Furthermore, the change in the capacitor voltage is a con-
sequence of the difference between the DC-link current and
the electrical load current iy, i.e.,
dvge 1., |

dtc = E(ldc_ll) 9)
where C is the DC-link capacitance.

Finally, the phase rotor position 6, for p € {1,2} is given
by

de
6, = 6+(p—1)m/2 (mod ), (11)

where @ and O represent the angular rotor speed and
position. Note that the unaligned rotor position w.r.t. the first
phase corresponds to the situation when 6 = 6,—; = 0.

B. Model of the SRG system for control

The full SRG system model is characterized by its inherent
nonlinearity, presence of integer variables and due to high-
speed application, also fast dynamics. These properties pose
significant challenges and limit the usage of such a model
for the design and real-time implementation of model-based
control. For these reasons, a model for control is derived by
averaging the full SRG system dynamics given by (1)-(11)
during one period of phase current 7 = m/e (half of one
full rotation).

When the SRG operates above base speed [4] it is rea-
sonable to consider that the phase inductance is indepen-
dent of phase current, ie., L,(iy,0,) = L,(6,) [14]. As
high rotational speeds imply short phase current build-up
times, the resulting peak currents will remain low and thus
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have a negligible saturation effect on the magnetic material.
Here, the phase inductance is modeled as a piecewise affine
function of rotor position [15] as shown in Fig. 3, where

(I

Inductance [H]

L. L L
Rotor pdsition [rad]  37/2 27

0 /2

Fig. 3. Piecewise affine inductance profile

L, and L,, and A, and A, are used to denote the aligned
and unaligned inductance, and half of the alignment and
unalignment angles. Therefore, it holds

Vp(ip, 6p)
L,(6p)
By ignoring the phase ohmic voltage drop Rpi, in (1), as

it is typically very small when compared to v,, a simplified
expression [16] for flux linkage is obtained

ip(6p) = (12)

t
Vilin8) = [ vp(m)dr, (13)
for kT <t < (k+1)T, k € Np. Assuming that v, is approx-
imately equal to the average capacitor voltage V. and that
the rotor speed changes on a far bigger timescale then 7, i.e.,
o(t) is approximately constant, during 7, it further holds

0 Vy
Wp(ip, 6p) = P / up(o JW[)(F’ ) (14)
Given the definition of u,, it is straightforward to compute
that the integral Y, in the last expression (and thus also v,
and i,) becomes zero at the angle

0, = off + (6()ff - 6011) (15)
By inserting (12) into (8) and calculating the mean of the
result over one half of rotation, we obtain the average DC-
link current

Viem [T, (ip,0p)up(6p)

AR . ¢ AN G A ASITY
“ O 7o Ly(6p)

Expression (16) can be further simplified analytically since
both the flux linkage and inductance are piecewise affine,
and phase input u, is piecewise constant. Therefore, it holds

(16)

Viem & [Gna,0+b,
L= Y™ / O+ 0n 49, (17)

O T =Je cnb+dy

where a, and b, are the slope and the offset of l//;up, and
¢, and d, are the slope and the offset of L,, in the interval
[gn,Gy]. The interval bounds g, and G, are selected from
a set [{0,A;, 5 £A, T — Ay, T} U{6Bpn,005r,0.mod 7] in

such a way that the resulting intervals are mutually disjunct.
Define

W, — {a,,e B In(dy, + ¢, 0) (?ndn—bncn)} G (18)
Cn Cn
0 2by+a,0)] ¢
R, = |E2nTdnB)) Gy 1
n |: 2dn |gn ( 9)

then the solution for the average DC-link current reads

V,
L ——if Y Wit Y R, (20)
n,cp#0 n,cp=0
Finally, averaging (9) yields:
dv,. 1
=—(Iye — 1 21
& C( ac —11), 2D

where I; denotes the average load current flowing through
the resistor R;.

III. CONTROL OF THE SRG

The proposed control structure is illustrated in Fig. 4.

_________ ISR ‘i, oo --_10kH=
' 1S Vde Vie !
Commutator —»SRG system|—» KF

Fig. 4. Block diagram of the SRG control system

Using the linear DC-link capacitor model (21) MPC
calculates the value I;., of the DC-link current ;. necessary
to make V7. follow the reference V., in the presence of
load current disturbance I}, where V7 and I} are respectively
the Kalman filter KF estimates of V,;. and I;. At the same
time, MPC ensures that both Iz, and V; lie within the
pre-specified bounds. The computed MPC output I, is
translated into a {6,,,0,77} pair by means of scaling and
mapping. Scaling is performed first, w.r.t. the @/Vy, ratio.
The scaling result /., is mapped to the excitation angles
through a map derived via an off-line optimization procedure
based on (20) and aiming for the reduction of the SRG high-
speed power loss. Finally, a commutator block is used to
convert the excitation angles into the switching signals S
that drive the commutation of the machine phases.

A. Model Predictive Voltage Control

Due to a time-discrete character of model predictive
control, we start by discretizing (using zero-order hold) the
average capacitor voltage dynamics. Defining the state x(k),
input u(k) and the output y(k) as

x(k) = [ Vg Ik 1", (22)
uk) = Lie,(k),
k) = Vi(k),
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the following time-discrete state-space representation of (21)
is obtained:

1 =L T
x(k+1) = [0 f}x(k)—i—[g}u(k)—i-p(k), (23)
-~
A B
y(k) = [1 O]x(k)+mn(k).
c

With p (k) € R? and (k) € R we denote the zero-mean white
state and measurement noise, defined by the following noise
covariance data: Wi = E(pp?) and W, = E(nnT). Here,
E(e) represents the expected value. Since the system is ob-
servable, a standard Kalman filter can be designed to estimate
the state x. For brevity we skip the filter implementation
details and refer the reader to, e.g., [17].

Note that the model (23) includes the load current dis-
turbance as a part of the state. The idea stems from the
Internal Model Principle (IMC) [18], while the model choice
represents a commonly used strategy in MPC [19] used to
remove the possibility of steady-state offset due to constant
or nonzero mean disturbances.

By representing the predicted state and the output at time
k+ j, given the state and the output at time k, as x; ;; and
Yi+jk» We proceed to define the MPC problem at time &:

~ min JUx(k) =t wuPuxe v+ (24)
U2u(k),....u(k+N—1)
S 5
Y[R+ Oy ke i — T i)
=0

T
s /e @t jik]
subj. to
xk|k :x(k)
Xict j1lk = Ay jik + Butkerj, j > 0
0 <upyj < thmax,j=0...N—1,
Au}ﬂiﬂ S Auk+/ S Aumax,] :O-..N— 17
Ymin SykJrj < Ymax, ] = 1..N—1,

where N denotes the prediction horizon, Q a weighting ma-
trix on the states, R a weighting on the input, Q, a weighting
on the output, Py a weight on the terminal state, i, the
maximum allowed average DC-link current, Auyn, Athyax
minimum and maximum allowed slew rate of the average
DC-link current, yuin, Yimax are limits on the average DC-link
voltage and Auy = uy — uy_1 is the incremental input.

The standard MPC receding horizon strategy implies that
the optimization of the performance index J is performed
online at each time moment k. Afterwards, only the first
entry of the optimal input vector U is applied to the system.
However, in [20] a different MPC approach is presented
which is used here as well. It is shown that the MPC
problems such as (24) can be rewritten in the form of a
multi-parametric Quadratic Program (mp-QP) that can be
solved off-line. The result is an explicit MPC controller — a
piecewise-affine continuous-state feedback defined on a finite
number of contiguous regions of the state-space:

uj(k) = Fpx(k)+Gj,

where j represents the active region index and F; and
G, are the outcome of the related optimization procedure.

(25)

Online computation of the control input u(k) reduces to an
active region search and a subsequent simple linear function
evaluation. In this work we have used the multiparametric
toolbox (MPT) [12] for Matlab to compute the explicit MPC
controller for tracking of the varying voltage reference. The
toolbox provides the solver and the routines for the region
partitioning and the active region search, suitable for both
simulation and implementation [11]. For reference tracking
the toolbox internally extends the state vector x with the
reference r and reformulates the dynamics (and the problem)
in Au form. This yields the following state equation:

x(k+1) A B O x(k) B
wl) =10 1 0 [u(k—l) 41| au).  26)
rkr D] oo 1)L rk) 0

B. Optimized Excitation Angles

Through the phase input, I;. depends on both the turn-on
and turn-off angle (16). This creates space for the definition
of an additional criterion to be minimized for each aver-
age DC-link current I;., requested by the MPC, yielding
the “optimized excitation angles.” We select a performance
function related to the energy lost in the SRG during high-
speed operation.

Overall the main losses in the SRG are the copper and
the iron (core) losses, Pr, and Pr.. The accurate estimation
of Pc, is hindered by the fact that it is proportional to the
square of the non-sinusoidal, RMS phase current. However,
it has been shown that at high speeds the importance of Pc,
decreases and Pr, becomes the dominant loss component
[21]. The iron loss is often separated into the losses due to
hysteresis P, and eddy currents P,y in the iron material [22]
approximated by:

Phy = klf‘lsz,
Ped = k3f2 v,

where f is the excitation frequency of the flux linkage and
ki,k, and k3 are some empirical constants. From (27) it
follows that the iron loss can be reduced by minimizing the
flux linkage y. Thus, using (14) the peak phase flux linkage
Wmar and the average flux linkage W during period T are
derived:

27

Vdc

Yinax ? (eoff - 60}1)7 (28)
Vae m
¥ = %E(e(,ﬁf Oon)?.
The performance function G is then selected as
G = (8os7 — 60n)”, (29)

since the minimization of G will result in minimization of
both ., and ¥ and, in the context of a high-speed SRG
application, also the dominant, iron loss.
Finally, the “optimized excitation angles” are defined as a
solution of the following nonlinear programming problem
min

Boff — Oon)* 30
O Boy ( of f on) 3 ( )
s.t. Oon < B,rf,
I:;c(eom 6l’ff) = I;L'.,W

where I, = I;;0/Vye and I, = Iz ,®/Vy. are the scaled
average and the reference average DC-link current. Motivated
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by (16), scaling removes @ and V. from (30) and effectively
compensates for the influence of the (®,V,,.) operating point
on the SRG operation.

IV. NUMERICAL EXAMPLE

The parameter values used to specify an example 4/2 SRG
system, related signal bounds, Kalman filter and the explicit
MPC controller, are given in Table I. The voltage tracking
controller is designed according to the procedure described
in Section III-A, resulting in a PWA control law defined over
101 regions in 4 state dimensions. Fig. 5 shows the projection
of the region partition of the controller on the first three state
variables of the augmented system given by (26).

. 320
300

230

I [A] 260 V;E v

-50 240

Fig. 5. The projection of the region partition of the controller on the first
three state variables: estimated average capacitor voltage, estimated average
load current and average reference DC-link current

TABLE 1
PARAMETER VALUES

Machine (design) [ MPC
L, =55 mH Pv=0
L,=0.5 mH R=280
A, =10° 0, =
A, = 30° o=[1 0. 0 Q0
C =250 uF N=5
Wmax = 100 krpm T =0.1 ms

Signal bounds | Kalman filter

uel0,3[A Wi=[1 0,0 1]
Aue[-1,1] A W = 50000
y €[255,305] V

A contour plot of the optimization problem (30) is shown
in Fig. 6. The optimization is performed for each value
I, in a range [0, ®anes] Then, the obtained optimized
excitation angle data is fitted (Fig. 7) for purposes of accurate

online lookup by means of suitable functions:

0 (Lie.r) 1 (L, ) +c3, (31)
9;)}’;(I;L,r) = @3,

where [cy...c3] = [-0.068 0.435 2.597].

Simulation of the proposed controller (Fig. 8) shows that
Vic (blue) tracks the reference V., (green) while speed
(Fig. 9) and the load current (Fig. 10) are varying. From
the initial 260 V, V. reaches the desired set-point of 280 V
within 0.02 s. At #; =0.1 s, I; drops from 0.93 A to 0.46 A,
due to the change in R; from 300 Q to 600 Q (lighter load).
However, the controller is able to quickly compensate for
the sudden increase in the capacitor voltage. Similar but
opposite situation occurs at #p = 0.2 s when a heavier load

L T
<&@ Objective
BB Equality constraint
2

-4+
g u
I
ey
j=2]
f=
©
c
[=}
]
£
>
=
TW2+A L

a
n2
L ‘Q

2By g2 W2+A,  Turn-off angle [rad] T4, n

Fig. 6. Contour plot of the optimization problem

2.6

M Turn-on

I
o

Turn-on fit ||
. Turn—-off
Turn-off fit |+

Angle [rad]

50 100 150 200 25¢
Scaled DC-link current [A rad/Vs]

Fig. 7. Optimized excitation angles

is introduced, i.e., when R; decreases from 600 Q to 150 Q.
Namely, the controller modifies the excitation angles (Fig. 8)
to compensate for the voltage drop as [; rises from 0.46 A
to 1.86 A. The effect of step change in V;., can be seen at
t3 = 0.3 s. Again the requested level is quickly obtained,
with a minimal overshoot. Note that the controller keeps
Iy, and the V. within pre-specified bounds. The occasional
peaks in the true I that extend beyond the allowable limits
are attributed to the windowing inaccuracies in the Variable-
Frequency Moving Average Filter (window T = 7m/w) that
was used to compute it from the the instantaneous DC-link
current iz.. Finally, we mention that the change in speed
(from 2500 to 3000 rad/s in 0.4 s) had an almost negligible
effect on the overall tracking performance of the system, i.e.,
the design is fairly robust w.r.t. the speed variation.

V. CONCLUSIONS

In this paper a new voltage control scheme for the SRG
electricity generation system was proposed based on explicit
MPC. The controller is designed to reduce the SRG high-
speed power loss and to keep the average DC-link current and
the output voltage within pre-specified bounds. Simulations
have shown that the controlled system is capable of smooth
voltage tracking in the presence of both varying load current
and changing speed.
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