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Abstract: Applications of switched reluctance machine (SRM) are increasing in the industry.due to their many desirable
features. This study proposes a hybrid analytical model (HAM) of the SRM for the hardware-in-the-loop (HIL)
simulation. To obtain satisfactory accuracy, the phase flux linkage is solved by the magnetic equivalent circuit (MEC)
method when the stator and rotor poles overlap, and by the space harmonic method (SHM) when the poles do not
overlap. The backward Euler and Newton-Raphson methods are used to calculate the exciting current, while the
Gaussian quadrature is used to compute the electromagnetic torque in the HIL simulation. The digital hardware
implementation of computation components are developed on the field-programmable gate array by exploiting the
parallel hardware architecture and fully pipelined arithmetic processing. To highlight the performance of the HAM, the
captured real-time results are compared with the off-line transient solution obtained through the co-simulation of
Ansys Maxwell®, Ansys Simplorer®, and Simulink®, which model the SRM, drive circuit, and control system, respectively.

Nomenclature

0 mechanical rotation of rotor
0, rotor position respect to one phase of stator
0, cycle of rotor position
0, threshold 6, between non-overlap and overlap
@1, Py represent the range of current region in SHM
A flux linked by one phase in the stator
A flux linkage solved by SHM
A, flux linkage solved by MEC
Aps Ag main and fringing flux linkage of A,
Mo permeability of vacuum
Jie relative permeability of iron
D,, D diameter of rotor and stator
'y Dyy diameter of rotor yoke and stator yoke
Ly the thicknessof stator and rotor
B., B radian of rotor pole and stator pole
N, M turns of the coils, phase number of SRM
s switch states of IGBT invertet
L, 1, history and new exciting current of phase coils
t time-step i HIL simulation
T, electromagnetic torque of SRM

J,m moment of inertia and damping of rotor
Wy, W, history and new angular speed of rotor
6> 6, history and new rotation of rotor

1 Introduction

The switched reluctance machine (SRM) is anticipated to be used in
a growing number of applications due to its inherent simple
construction, low inertia, high torque-weight ratio, easy speed
control, and strong fault tolerance. Plenty of studies about the
controller, driver, and optimisation of the SRM have been reported
[1-6]. Before these developments were employed in reality,
off-line simulation was always employed to verify the performance
of the control system. However, the designed controller could not
be tested in the real plant, which resulted in unpredictable issues
occurring in the subsequent commissioning. In such a case,
hardware-in-the-loop (HIL) simulation is a reliable and
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cost-effective ' alternative in virtual scenarios for testing real
devices in the design of the SRM drive systems [7-9]. Currently,
HIL simulation is widely applied for investigating the real-time
behaviour-of the control system. Interfaced with the emulator, the
real controller is able to control the virtual objects, and we can
adjust the design parameter of the controller via analysing the
outputs of the real-time model. A detailed, accurate, and efficient
system or plant model is the prime requirement in the HIL
simulation to reproduce the realistic behaviour of tested controller.
On the premise of real-time computation, the solution of the
proposed model for SRM should be sufficiently accurate enough.

The characteristics of the SRM can be described as the magnetic
flux linked by the phase on the stator with respect to different rotor
positions and exciting current. In the literature, there are various
methods to obtain the flux linkage:

(1) geometry-based analytical model [10-14];
(i) finite element method (FEM) [15-17];
(iii) space harmonic method (SHM) [18-20];
(iv) magnetic equivalent circuit (MEC) method [21-23].

Using measurements or the results from detailed FEM simulation,
the geometry-based analytical model curve fits the phase flux linkage
as a product of two non-linear equations for current and rotor
position, respectively, based on the space periodicity of the SRM.
This procedure is employed by many off-line simulations such as
in Simulink®; however, the main drawback is that the
characteristics of the SRM must be obtained in advance and
significant error can occur if the operation state is different from
the pre-defined state used to construct the model. FEM offers
excellent detail and accuracy, however it is time-consuming and
cannot meet the strict execution time constraint of HIL simulation.
In the SHM, the flux linkage is obtained via the solution of the
magnetostatic Maxwell’s equation, but the method is unavailable
when the stator pole and rotor pole overlap because the stator and
rotor iron suffer from severe magnetic saturation. MEC method is
an alternative for modelling the SRM with reasonable
computational effort; however, this method is inaccurate when the
rotor locates in the non-overlapping range because the flux path
cannot be estimated exactly. The last two methods are effective in
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Fig. 1 Schematic of SRM with rotor and stator poles non-overlapping

a Schematic of rotor and stator poles
b Schematic of SHM to compute the flux linked by a phase

different stroke of the machine; therefore, a hybrid analytical model
(HAM) is proposed in this paper utilising the SHM in the range with
no rotor stator pole overlap and MEC in the range with rotor stator
pole overlap, respectively.

In the proposed model, the non-linear characteristics of the SRM
can be calculated accurately. However, there still exists the certain
computational burden. Thanks to the dramatic developments in the
very large-scale integration technologies, the field-programmable
gate array (FPGA), which possesses inherent parallel architecture
and provides the nanosecond computational clock cycle, has
become an advanced computational engine for digital hardware
realisation of the electrical machines [24, 25]. Taking advantage of
IP cores of trigonometric and floating-point math functions, the
HAM is implemented on FPGA through VHDL language and
realises 5 s time-step for the HIL emulation with a 100 MHz
FPGA clock.

The rest of the paper is organised as follows. Section 2 introduces
the HAM and constructs the relative circuit and dynamic equations to
describe the operation of the SRM drive system. The FPGA-based
real-time hardware for realising these associated non-linear
equations are presented in Section 3. In Section 4, the steady-state
characteristics of an 8/6 SRM and a 6/4 SRM solved by the
proposed HAM are compared with the result from FEM software.
In addition, the closed-loop controller-are used in the HIL
simulation and the results are compared against the solution
obtained by co-simulation of Ansys Maxwell™, Simplorer™ and
Matlab/Simulink®. Section 5 gives the conclusions of this study.

2 Non-linear modelling of SRM drive system

The HAM used to solve the phase flux linkage is the foundation of
the HIL simulation for the SRM drive system, because both the
exciting current in the' SRM drive and the electromagnetic torque
in the motor dynamics are dependent on the magnetic flux linked
by each phase:

2.1 HAM of SRM

In the HAM, the two analytical models are derived for two different
ranges of rotor position depending on 6,, as the MEC and the SHM
are employed with or without rotor stator pole overlap, respectively.
In addition, 6, is obtained via the modulus operation returning the
remainder after division of 6 by 6., and is equal to 0 at the most
unaligned position.

2.1.1 Flux linkage at non-overlapping position: When the
stator and rotor are non-overlapping as shown in Fig. la, solving
the vector potential in the rotor slot is a typical 2D field problem
as described in [18]. The solution in that work is derived in
Cartesian coordinates, and the result cannot be convergent when 6,
is equal to 6,,. In this study, the flux is solved in polar coordinates
to retain the geometric features of SRM, and essentially, a
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convergent solution can be obtained. As shown in Fig. 15, a 2D
polar coordinate system O(p, ¢) is built, in which the origin O is
the intersection of two sidelines of rotor poles, and the vector
p, coincided with one sideline, is the polar radius whose argument
is zero. The rotor slot can be considered as a fan-shaped section
approximately, and the outer radius p, and inner radius p, are

given as
D,
0 = 7‘ sin(%—%) + sin(%), (1)
Dr Dr}’
P1—P2—<7——2 >, 2)

where 6, is equal to 7/3 or 7/2 in the 8/6 SRM or 6/4 SRM
respectively.Defined in the polar coordinate system O(p, ¢), ¢,
and ¢, in the Fig. 15 are solved by

¢ = % _ arcsin D -sin((6,/2) + 6) )
2 /D2 +4d2 —4Dd - cos((B,/2) + 6,)
@ = b _ arcsin D, -sin((By/2) — 6) )

2 \/ D? +4d? — 4Dy - cos((B;/2) — 6,)

where d represents the distance between the origin O and the axial of
motor

_Dr : Oc_Br Bc_ﬁr Oc
d= > sin > cot 2 cot > ) &)
Combining the vector potential 4 and current density J with the
magnetostatic Maxwell’s equations gives

VA =—ul. (6)

Since the current flows in the z direction, only the z component of the
vector potential is non-zero, and there is no current in the rotor slot,
hence (6) reduces to Laplace’s equation

V24, = 0. (7

If there is no rotor and stator pole overlap, the air gap is large enough
so that the magnetic saturation can be ignored in the iron. Thus, the
permeability of the iron is approximated as infinite and the field in
the iron is taken to be zero. In this case, the boundary condition
on the boundary of the section where iron exists is that the
tangential component of H field is zero

Hylpg =0, Hylpy =0, H,l,_, =0. (8)

p=pi
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Fig. 2 Schematic of SRM with rotor and stator poles overlapping

a Schematic of rotor and stator poles
b Schematic of MEC model to compute the flux linked by a phase

The H field at the upper boundary of the section is also zero in the
region where the stator pole locates, and is approximate to a constant
where no iron exists. The constant can be solved by Ampere’s law
and concluded as

NI
H,l,—p, = , 0<e=<o
e T p g '
Hyl,—,, =0, o <e<b,—¢, 9)
H,| M 0, <p<§f
— = - s — P ==
e Py @ ¢ 7 ¢

and expanded as a Fourier series
H,= Zan . cos(%T<p>,

where a,, is calculated by

(10)

0= _2NI {sin(mz(p,/@c)

) n sin((ﬂ'n(ﬁC — @2))/00)}' (1)
b1 P2

mn b2 P2

The segregation variable method is used to solve (7). 4, (p, <p) canbe
written as

Az(p7 §0) - P(P) . (I)((,D), (12)
hence P(p) and ®(¢) meét the equations of
2 // /
p - P(p) +pP(p) —m-P(p) =0
Lo ol 2o - W

Compared with the boundary condition given in (8) and (9), the
solution of Laplace’s equation inside the rotor slot is given as

AZ(P, (p) _ Z(Bn .pn‘n'/f)c +C,- pf(””/e‘:))cos(%ﬁ(p). (14)

n=1 c

The H,, field where p = p, and p = p,, is found by taking the curl of
the vector potential and dividing by vacuum permeability pw,.
Combined with the boundary condition, B, and C, are solved as

Bn : pgnﬁ/80)71 - Cn

=t _ g

6. (15

. —(nm/6.)—1 —
%) nar

B . p(zn‘n'/é)c)fl -C

n n

a, - My -

Fringing path of F Main path of
magnetic circuit magnetic circuit
R Y
[] Psy : : PS‘,’[]
P! | Pr

|
|
Py i : Py
A — — {4

and the solution of B, and C, aré

B — an':u’O'ec'pZ
n— nr/ 0, 2n/ 6, —n/ 0,

””(”2/ =" s /) (16)
C = an'/‘LO'Oc'pZ

n — —
n'rr(pl 20/ B, przm/ec — n'n'/@c>

Substituting (16) into (14) to obtain the final solution for the vector
potential A_(p, @), we get

=\ a,0.p; nir
nvc . .
A.(p, ¢) = E e cos(—g <p>

n=1 ¢

pnﬁ/@c + p%’”’-/ec . p_(nﬂ'/gc)

pgﬂ'/()C _ p%nﬂ'/()C . p;(nrr/gc) .

(17

Based on Stokes’ theorem, the flux linked by one phase around the
stator pole is given as: (see (18))

2.1.2 Flux linkage at overlapping position: When the stator
and rotor are overlapping as shown in Fig. 2a, the phase flux
linkage can be solved via MEC. Fig. 2b presents the magnetic
circuit of one winding in a phase, in which the circuit is divided
into main path and fringing path whose permeance are P,, and P;
respectively. In addition, F, equals to NI, is the magnetic motive
force (MMF), P, and P,, represent the permeance of stator yoke
and rotor yoke, respectively. Since each phase of SRM contains
two symmetric windings, the scalar magnetic potential of nodes 2
and 3 in Fig. 2b are equal, and the same as nodes 4 and 5. We can
assume the Py, and P, are infinite because the magnetic saturation
of stator and rotor yoke can be ignored. Under these circumstance,
nodes 1-6 in this figure are magnetic equipotential. Both
permeance on main path and fringing path are decided by the
length, sectional area and permeability, hence the magnetic circuit
equation for the two paths are givens as

#(—Ml—p)qs = NI (19)
lstk ) Ds ) ﬁa Mo Mm " ’

2 &r lp)
e /A (0)
lstk : Ds : (Bs - Ba) (IJ’O Mg f

where ¢, and ¢; are the magnetic flux on main path and fringing
path; /,, the total length of the rotor and stator poles, equals to
(Dgy + D, — Dy — D,y)/2; the iron permeability on these two paths
are assumed as u,, and w¢, g, and g; are the air gap on the main
path and fringing path; the overlapping angle, 3, is solved by

A ([’ Or) = Ly (Az(pb 6.) — A.(p>, 0)) = Z

2
n=odd (}’l 7T)
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With the solving method described in [23], ¢,, is given as: (see (22))

where /

1> Lo are solved by

lml = lp + (ur + l)gm’ lmZ = lp - (ur - l)gm’ (23)

the air gap g,, is equal to D,/2 — D,/2, and B, means the saturation

sat
magnetic flux density characterising the iron. The solution of ¢; has
the similar form with ¢, : (see (24))

where [, I, are solved
In =1, + (@ + Dgp, lp =1, — (u, — D)g;. (25)

Additional, g; is the air gap and expressed as

l..D. .
g (B,) = gm + (MONzStkT;BS_gm> (1 —Z—) (26)

With the main and fringing magnetic flux ¢, and ¢; solved, the flux
A, linked by one SRM phase is the sum of the main flux linkage A,
and the fringing flux linkage A;
A, 6)=N-by+N- . (27)
A A
m f

2.1.3 Hybrid model: The HAM can be concluded as

)‘9(17 Gm) +£[)‘5(17 er) - ’\S(I’ Bm)]’

0<6<86,
AL, 6,) = k s
A1, 6,), 05<0, <0,
(28)
where
(1, 6,) 0 (15.6,)
k, = T 0,=6,,° kg = T Op=0,,°

T

We keep the solution of the MEC in the overlapping region, and
change the solution of space harmonic model in the
non-overlapping region t0 guarantee' the continuity of this model.
With the integrating method given as (28), the HAM is first-order
derivative continuous with réspect to 6, and arbitrary-order
derivative continuous with respect to /. Indeed, this HAM is closer
to reality because the effects of magnetic saturation are taken into
account in-the entire motion region of rotor, which are verified by
comparing the solution of the:HAM model with the results from
the FEM model in the testing.

2.2 Modelling the SRM inverter

inverter in the HIL simulation. In this work, each phase of the
SRM is equivalent to an inductance related to the exciting current
and rotor position. Considering the phase inductance as a
component in the inverter, the current and the flux linkage on each
phase are able to be solved accurately through the circuit
simulation method. Each phase of SRM is excited by the IGBT
inverter with two IGBTSs and two diodes as shown in Fig. 3a. This
figure also demonstrates the interface between the controller and
motor. The inputs of the controller contain the electromagnetic
torque 7,, rotor angular speed w,, and mechanical rotation 6,

. T
while the outputs of the controller, defined as s = [sl, Sy, .- .SM] ,

are the gate signals for each IGBT inverters. Two IGBTs are
controlled synchronously, and their characteristics are described by
a switching-function with high or low impedance capability, R s
or R, occurs when the control signal s is turned off or on. The
IGBT inverter has three states as shown in Fig. 35, which can be
described as corresponding discrete differential equations through
the Backward Euler

(Rp + Roff) I+ V, — V., statea
f(1,) = (Rp +R0n) L+ V)=V

R, - I, F W+ V, +2 4,

state b> 29

state ¢

where R, is the resistance of the phase coils, ¥ and V; represent the
power supply voltage and diode voltage drop, and ¥, is the induced
voltage of phase coils

1, 6,) — A(1,
VA:)‘("’ or)t Ml 8) (30)

S

With the non-linearity in the HAM, the Newton—Raphson (N-R)
method is employed to solve /, in the emulation. The iteration
process is given in (31), where 7, is the result of kth iteration in
the computation process for solving 7,,.

dra -
]n,k+l =1k _f(In,k) : (%'IZ[M(> (31)

2.3 Motion equations
The electromagnetic torque is computed by the derivation of the

machine coenergy related to the rotor position, and the coenergy is
the integration of flux linkage with respect to the current, hence 7, is

M el .
.1, 0) = Zj a)‘(alé 9 4. (32)
0

It is hard to obtain the analytical solution of coenergy with a
complicated expression of (28). As the HAM is first-order
derivative continuous with respect to 6 and arbitrary-order
derivative continuous with respect to /, Gaussian quadrature is an
alternative. The electromagnetic torque is solved below through
the three-order Gaussian quadrature, where @ and ¢ mean weight
and node, respectively.

In the SRM drive system, the IGBT inverter provides the exciting M2 T @, BAi(O.SIi + &, 0)
current for each phase of the SRM. As the testing object of this Te(lla L, . Ay, 9) = Z ZT T a8 (33)
work is the controller, it is not necessary to employ the real =1 g=0
D-B 2g 1Bat llBt2 2By 2
¢ :l.L .N.Z S a 1+_m I+m sa_ m Sal + m. sa]+1 , (22)
" 0 h 2gm lp /J“r/J“()N Mr/‘LON Mrlu‘ON
Dy(B — 2 Iy B InBg \* | 2IpB
(bf = M .N . lstk s(Bs Ba) 1 _'_ﬁ T+ fl17sat \/( fl sat) + 2 satI+[2 , (24)
2gs L M ptgN e foN M ftoN
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Fig. 3 SRM drive system

a Schematic of the SRM drive
b States of IGBT inverter

Thus, the angular speed and position of the rotor are solved in (34) if
we assume damping exists in the machine.

T, — w,- nt

J s? Bn:9h+wn'ts

w, = w, + (34)

3 Real-time hardware emulation SRM drive
system on FPGA

3.1 FPGA implementation

The hardware emulation of the SRM drive system on the FPGA is
presented in Fig. 4a. The real-time model consists of four main
modules: Circuit Module, Phase Flux Linkage
Module, Motion Module, and Control Module. The first
three modules are employed to solve the circuit equation, magnetic
flux linkage, motion equation respectively, while the Control
Module implements the controller with the specific control
algorithm. In addition, since the 32-bit single-precision
floating-point format (IEEE standard 754) is employed for digital
hardware implementation, one component in Control Module
converts the data format to 16-bit fixed point data for displaying
on oscilloscope via DAC interface at the end of each simulation
time-step. The Timer Generator module is employed to

%3 1.8.0,

State b

generate the clock signal for each‘module, and the trigger signal of
each time-step and control cycle. In general, the frequency of
'start_con’ is the integer times of 'start_sim’, because the control
period is always lower than the simulation time-step. Represented
by different types of arrows, the computational data and control
signals exchanged between these modules are depicted in Fig. 4a.
In addition, there are.a series of 1-bit/start’ and 'done’ signals
control the emulation flow between each module. The detailed
flow of the emulation is depicted by the finite state machine
(FSM) inFig. 4b.

3.2 Exploitation of parallelism

3.2.1 Parallelism and latency in one time step: Thanks to the
large amount of configurable hardware slices, the FPGA possesses
the feature of executing different computation tasks concurrent. In
the hardware emulation, we exploit two level of parallelisms are
used to reduce the latency in each step:

(i) Parallelism in topology: the phases of the SRM can be
considered as independent with each other.

(ii) Parallelism in tasks: some components from states S, to Sy in the
FSM can be executed concurrently.

Transform the single floating-
point datato fixed point data

i

DAC Interface enerator Reset="1
@. /]f‘} /\\. %‘ Jslaﬂ con el l,s'lan' sim FPGA
Control Module Circuit Module

Format conversion CZ:) | Backward Euler method

Discretize the electrical circuit
equationas Eq. (29) /

. Control Algorithm Newton-Raphson method
Produce the control signals due Solve for the current at each
\ \ to the specific control method | | time-step by Eq. (31) format transform and

control signals or solve a) |

control signal for the
B new control signals

IGBT inverter

Y,

output Ihcm 10 DAC

ﬂ f Tdone sim

S -
Flan_r_ [stan_mm ﬁ

Motion Module \H_' Phase Flux Linkage Module
Dynamic equation | Solution of flux linkage
Obtain the speed, positionvia “ Solve the flux linkage of each w7,
T 3 Substitute /, &
dynamic equationas Eq. (34) | phase. by Eq. (28) “‘ in the electrical
Gaussian quadrature bone m | Firstderivative of flux linkage A D
Solve the electrical torque by —1 Derivative respect to current ‘%0
| numerical integration as Eq. (33) \ Derivativerespect to position | \ Solve oM/06 with the electrical torque via /| /
N _— / N - / \ \  \different Gaussian node, Gaussian quadrat /
* 32-bit floating-pointdata [ > 16-bit fixed point data C> M-bit control signal —» 1-bit signal N e T

a
Fig. 4 Schematic of the FPGA implementation

a Hardware emulation of SRM drive system on FPGA
b FSM for flow control in the emulation
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In Fig. Sa, Steps 1-4 correspond to the states S, — S while Step 5
represents the states S; — S, in the FSM. In the processing, the
computation for each phase is independent and all possible parallel
calculations are taken into account for the realisation. Excepting
the Step 5 implemented in serial mode, both parallelism in
topology and tasks exist in the other steps. In this case,
151 x K+ 190 clock periods are required for one simulation
time-step, where K means the number of iterations in the N-R
method.

3.2.2 Detailed implementation for flux linkage solution: To
solve the non-linear SRM model described before, floating-point
operators and coordinate rotational digital computer algorithm
intellectual property (IP) cores which allow a range of
floating-point arithmetic operations and fixed point trigonometric
functions to be performed on FPGA are necessary. As the
universal I[P core allow interface with data stream,
time-domain-multiplexing (TDM) and pipelined mode are
employed to implement these derived equations. The arithmetic of
A(ly, 6,) for solving flux linkage in the Step 1 of Fig. Sa is
presented in Fig. 5b, and the other computation can be designed in
a similar way.

With the input variables, including the mechanical rotation of
rotor 0 and current /, there are five parts in Fig. 5a for solving the
phase flux linkage A due to (28) based on the IP cores in this
figure. Part I do the modulus operator to obtain the rotor position
0. at the beginning of calculation, then, the rotor position is
compared with the threshold 6,, via the CP IP core to decide the
branches of arithmetic. Meanwhile, in Part II, the derivative of
main flux linkage with respect to rotor position dA,, /06, which is a
part of variable k, in (28), can be calculated in parallel with the
operator in Part I. Part III implements the equation of (22) and

(24) to solve flux linkage in the overlapping region, while Part IV
realises (3), (4) and Part V realises (18), respectively, to obtain the
flux linkage in the non-overlapping region.

As the expressions realised by Part II, Part III and Part IV are able
to be divided into many independent components which are realised
by corresponding IP cores, TDM model is effective to the maintain
the computation efficiency and resource of FPGA. To construct a
TDM unit, the Mux and DeMux are necessary to select the input
and output for the IP core depending on the state of the
computation module. On the other hand, the computation
components in Part I and Part V are implemented in serial mode.
Furthermore, a pipelined processing unit ended with A2 is
designed in Part V to obtain the summation of Fourier series in
(18). After that, A1 and M2 in Part V are also designed in TDM
model for the add and multiply operator in(28).

4 Real-time emulation results and co-simulation
validation

We employ three case studies related to the steady-state
characteristics and closed-loop control of an 8/6 and a 6/4 SRM.
The comparison between the solution from the real-time HIL
emulator and the 2D FEM co-simulation highlights the
performance of the proposed HAM. The hardware design is
targeted to Xilinx® Virtex-7 XC7VX485T FPGA with 100 MHz
clock frequency. shown in Fig. 6a, while the 2D FEM
co-simulation . model is*built in Ansys Maxwell®, Ansys
Simplorer®™, and Matlab/Simulink®™ as shown in Fig. 6b. The rated
power, voltage, and speed of the two types of SRM are set as 550
W, 110 V, and 1500 rpm respectively in the FEM software, and
the design parameters are listed in the Appendix.

4 t;
151xK + 190 clk Idle
129 clk 18 clk 4 clk 166 clk 24 clk
s A 1= Register
el
B @ =mod | &fun o, I
=] 2 > I, =
5 a,+8.68 4 - 1. U=y
g~ @+ L=[40)-4 ]| o
& N[y o A=A
A Wy =
1, : =21 6,-8
A iataindaiadededeie W 0 Agintmis Anietededededetetededebeibk it it il %= n
,?_* [ e ———————————————————————————————y || T i I"T,
L-@-n
| = @, 7 a
| 2 3l e
& | Fe<eg? ‘ﬂm £
8, B - o, =+, L’ g
Reg- is(M)i, (M) ;':;‘_"_' {m Al B
ister i/ _; (u) ot 0, i &
e T : T L =6 +a1 | of
Stal St te) Step3 - .
@0, 000, _ _ t:pl_ __________ p_ — — _PhaseMm _p_ _________ steps End
! mod means the modulus operation, and 6;...80.8y mean the position of each phase of the stator. )
18 cli > - 89 clk > )
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Fig. 5 Computation unit for the FPGA implementation

a Parallelism of digital hardware implementation in one time-step
b Detailed design method to solve phase flux linkage A in Step 1 of Fig. Sa
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4.1 Steady-state characteristics of SRM

In case I, with four different rated current, 3, 6, 10,;and 15 A, the
steady-state characteristics of the 8/6 and 6/4 SRM are solved

/15
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when the rotor position locates in the range of [0, 00/2]. The
output torque and inductance computed using the FPGA-based
real-time model and the data from FEM software are shown in
Fig. 7. To get the real-time solution, we employ the phase flux
linkage module in the FPGA design. Since there are four DA
channels on the DAC board, four such modules are used for
solving the inductance and electromagnetic torque of the same
phase with different exciting currents and rotor position. In
addition, it is required to verify that the model is pushed
sufficiently into saturation region. With magnetic flux divided by
the sectional area, the magnetic flux density is solved. At the
aligned position, the B-field is equal to 1.78 T when the exciting
current is 6 A, which is closed to the value of Bg,. Therefore, we
can conclude that the HAM is able to work in the saturation
region in the real-time computation.

4.2 Closed-loop control result

The transient performance of the proposed non-linear real-time SRM
model is investigated by using two different closed-loop controllers
in the HIL simulation. The control object is the turning on and off
state of the IGBT inverter. In addition, we assume that the diode
voltage drop in the IGBT inverter are equal to 0.7 V, the resistance
of each phase coils is 4.41 (), the rated voltage is 110 V, and the
damping 7 is 0.02 N -m - s/rad.

4.2.1 Position feedback control: 1In case II, the position of the
rotor is employed as the feedback signal. The switch signals for the
IGBT .inverter and the rotor position meet the relationship

HC
L <° =0= M)
(33)

; .
0, (171 <9 < oc>

In this case, the rotor speed, electromagnetic torque, and flux linkage
and current in each phase of the 8/6 SRM are shown in Fig. 8. Fig. 9
are the detailed views of the results of the real-time HIL simulation
and co-simulation, respectively, and the curves for the same solution
object are superimposed to highlight the similarity between the
different solutions. As the performance of the 6/4 SRM looks
similar with the 8/6 SRM, the results of the 6/4 SRM are omitted.
Furthermore, with the phase current exceeding 20 A, the
maximum B-field is approximated to 1.85 T at the start point,

S =

36 45

36 ?

... 27
Rotor Position (deg)
b

Fig. 7 Electromagnetic torque and inductance of one phase in SRM with different exciting current versus the rotor position solved by the real-time HAM

(solid lines) and the FEM (dashed lines)

a 8/6 SRM
b 6/4 SRM
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Fig. 8 Performance of the 8/6 SRM drive system with position feedback control solved by the HIL emulation (top sub-figures) and the off-line co-simulation
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a Torque and speed
b Phase currents
¢ Phase flux linkages

which implies that the real-time model enters into saturation
sufficiently in the HIL simulation.

4.2.2 Speed feedback control: To realise speed regulation in
case III, a PID controller is employed to calculate the desired
torque of SRM using

T desired — GPID(Z) : (Wdesired - wreal) + Weeal = 1 (36)

In this case, the parameters of PID controller are:
K, =084, K, =0.84, K, =0.02. The desited torque is
distributed to each phase through a contour function, so that the
required output torque of phase i is

Ti = Tdesired [Sgn(Tde51red) fc+( ) + Sgn( Tdesired) fé—(gr)]
(37

Sgn() is a mathematical function that extracts the sign of a real
number.and £, (6,), f._(6,) are the contour function defined in one
cycle of rotor position as

2-M 0,

-6 0<6 < £
9, " < =% 2~M)
: (2= <3)

fer (6) = 2.M 9 3. ©Y
3-2 %, (L<g <l
9, " <M— ' 2~M>
3.6,

< <

0 (G=o<0)

Jes(0) and f._(6,) are odd symmetry respecting to the axis of
6, = 6,/2. When the desired output torque of the corresponding
phase exceed a constant, the switch of the IGBT inverter will turn
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Fig. 9 Detailed views of the curves in Fig. 8 with the results of real-time HIL emulation (solid line) and co-simulation (dashed line) superimposed

a Torque and speed
b Phase currents
¢ Phase flux linkages
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Fig. 10 Speed, electromagnetic torque, phase current and phase flux linkage of the 8/6 SRM with speed feedback control

a Off-line co-simulation
b Real-time HIL emulation

on. In this emulation, we set.the constant as 0.5 N - m. Moreover
employing the results from the off-line  co-simulation for
comparison, the desired<and real speed of rotor, electromagnetic
torque, phase currents and phase flux linkage of 8/6 SRM solved
by the HIL simulation are shown in Fig. 10, and the result of the
6/4 SRM are omitted.

4.3 Latency analysis

Since the real-time hardware emulation is realised by 100 MHz
FPGA clock frequency, the period of ‘clk’ is equal to 10 ns in
Fig. 5. Thus, the detailed execution time of each state for the HIL
simulation can be known. The time-step of the FPGA-based
real-time model, ¢, is equal to 5 ws. As K is always equal to 2 to
obtain the convergent result in the N-R method, the execution
time is equal to 4.92 s and the idle time is 0.08 p.s.

Table 1 Relative deviation of the steady-state characteristics in Case |

Relative I=3A,% I=6A,% I=10A,% I=15A,%
deviation

8/6 AT, 3.99 4.29 5.03 5.29
SRM AL 1.81 1.49 1.83 2.49
6/4 AT, 4.37 4.65 5.43 6.10
SRM AL 2.90 4.29 3.98 3.24
1122

The co-simulation was executed on Intel® Xeon® E5-2609 CPU
with 8 cores, 2.4 GHz, 32 GB, platform running Windows®
operating system. The time-step of the co-simulation was set to
100 ws and the meshing method employed the default parameters.
Under these circumstance, the co-simulation costs more than five
hours to run an 1s simulation. Therefore, the FPGA-based
real-time non-linear HAM realised a significant improvement in
the computational efficiency.

4.4 Accuracy analysis
In the case I, we calculate the average relative deviation of
inductance and torque between the FEM software and real-time

HAM at 60 sampling points whose rotor positions are distributed
from 0 to 6./2 uniformly as

ll| HAM

AT, = o Ty : (39)
FEM
L —L

60 Z | i,HAM zFEM| , (40)
1FEM

and show the results in Table 1. T; yam» T;rems Lipams Lipem are the
torque and inductance solved by the HAM and FEM software
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Table 2 Relative deviation in Closed-loop control testing

Relative Aw, % AT, % AYM 1% AYM X%
deviation

8/6 Case Il 2.94 4.89 478 3.72
SRM Case Il 0.71 5.64 5.89 6.53
6/4 Case Il 3.16 4.92 5.31 4.06
SRM Case Il 0.94 4.23 6.09 6.82

respectively. The average of torque is used as denominator for
calculation because the torque solutions at some sampling points
approximate to zero which may result in a huge relative deviation.

In the case II and case III, 1000 sampling points of co-simulation
are chosen uniformly in the travel range to calculate the relative
deviation. Since the rotor positions in the solution of the HIL
emulator are not exactly the same with the co-simulation,
interpolation method is employed to process the results from HIL
emulation so that the rotor position in these two sets of data are
identical. The expression to calculate the average relative deviation
are given as follows and the results are shown in Table 2.

1 1000 D'H]L -D
AD = -
0002 D

1,CoSim ) (4 1)

i,CoSim

Different subscripts represent the solution from HIL emulation and
co-simulation respectively, and D represents different variables: w,
7., "M I, and Y- ;. The sum of phase current and phase flux
linkage are used as the evaluation targets in cases II and III, so
that we can avoid the denominator becomes zero when the some
IGBT inverters turn off.

With the relative deviation shown in Tables 1 and 2, the HIL
emulator shows the satisfactory agreement with the co-simulator
which employs the FEM model. The real-time model reflects the
characteristics of real machine well and meets the requirements for
controller testing in HIL scenarios.

5 Conclusion

SRM is gaining increasing popularity in various industrial
application, and as such requiring accurate and efficient real-time
models for HIL simulation. A non-linear HAM taking advantage
of the SHM and MEC method to calculate the flux linked by each
phase of SRM is proposed for real-time HIL emulation. This
model is realised on the [FPGA, and several tests, including
steady-state characteristics computation and closed-loop control,
are undertaken to evaluate the performance. In the HIL emulation,
the real-time model is realisedat a 5 s time-step with 100 MHz
clock frequency.<The co-simulation baséd on Ansys Maxwell®,
Ansys Simplorer®, and Matlab/Simulink® is used as comparison to
verify the computational accuracy. The results show that the HAM
achieves sufficient accuracy for the HIL simulation of SRM drive
system. Indeed, because the proposed HAM is a 2D model, the
end effects are ignored, which may result in the error of the HIL
simulation especially in the SRM whose diameter is much larger
than length; thus, building 3D hybrid model to analyse the SRM
drive system is planned for future research.
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7 Appendix

The design parameters of 8/6 and 6/4 SRM used for testing are given
as follows: outer diameter of SRM: 120 mm; diameter of the rotor

shaft: 30mm; D, =76mm; D;=75mm; D, =102mm;
Dy =48mm; [y =65mm; N=142; J=00l4kg -m’;
o =4mx 1077, u =5000; By, =18T;, Ryy=2MQ;

R, = 0.1 Q. The phase number, stator pole radian, and rotor pole
radian of the 86 SRM are M =4, B,=u/8, L,=7/6
respectively. The phase number, stator pole radian, and rotor pole
radian of the 6/4 SRM are M = 3, B, = w/6, B, = /4 respectively.
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