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Real-Time HIL Emulation of Faulted Electric
Machines Based on Nonlinear MEC Model
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Abstract—In electric machine drive systems, hardware-in-the-
loop (HIL) emulation provides accurate testing of actual control
system prototypes and protection devices interfaced with the elec-
tric machine model on a real-time simulator in a non-destructive
environment particularly when faults are studied. A compromise
between the model accuracy and computational burden makes the
magnetic equivalent circuit (MEC) model ideal for real-time sim-
ulation of electric machines. However, satisfying the timing con-
straints of real-time simulation to accommodate internal machine
faults is still challenging due to the nonlinearity and rotation of elec-
tric machines. In this paper, the transmission line modeling (TLM)
method is utilized to keep the MEC coefficient matrix unchanged
during nonlinear iterations. Afterward, for the first time, the en-
tire potential of the TLM method for pre-calculation is exploited by
proposing an efficient matrix re-ordering combined with the left-
looking Gilbert–Peierls algorithm to minimize the computational
burden of the sparse MEC matrix LU decomposition required in
each time-step due to rotation. Furthermore, the massive hardware
architecture of the field programmable gate array is used as the
platform for implementation to fully exploit parallelism. With the
proposed MEC-based real-time TLM method, the minimum time-
step as low as 500 µs can be achieved and the results validation
with two-dimensional finite element model (FEM) of the commer-
cial Jmag-Designer software shows the accuracy and efficiency of
the proposed methodology.

Index Terms—Fault analysis, field programmable gate array,
hardware-in-the-loop emulation, induction motor, magnetic equiv-
alent circuit, nonlinearity, parallel processing, real-time systems,
transmission line modeling.

NOMENCLATURE

Z0 /Y0 TLM characteristic impedance/admittance
Nss Number of stator slots
Nrs Number of rotor slots
μ Magnetic permeability
μ0 Air permeability
μtlm TLM permeability
P Permeance
L Length of the permeance elemental area
S Area of the permeance elemental area
A Magnetic vector potential
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N Number of turns
i Current
λ Flux linkage
W Winding function
L Inductance
Te Electromagnetic torque
TL Load torque
J Inertia
B Friction coefficient
ω Angular speed
P Number of poles

superscripts/subscripts

sb Stator base
st Stator tooth
rb Rotor base
rt Rotor tooth
stst Stator tooth to stator tooth
rtrt Rotor tooth to rotor tooth
strt Stator tooth to rotor tooth
n Time-step number
k TLM iteration number
inc. Incident wave
ref. Reflected wave
l Leakage
r Rotor
b Rotor bar
be Rotor back end ring
fe Rotor front end ring

I. INTRODUCTION

F EILD programmable gate array (FPGA) based hardware-
in-the-loop (HIL) emulation provides an accurate testing

platform by real-time data transfer of the actual device under
test, including control system prototypes and protection de-
vices, interfaced with the interacted systems, involving elec-
tric machines, on real-time simulator [1]–[4]. In the domain of
FPGA-based real-time simulation of electric machine drives,
numerous studies have been conducted with lumped q-d vector
model [5], [6]. In [7], a lumped parameter coupled circuit model
in phase domain is used for single and three phase fault anal-
ysis. However, internal machine faults were not investigated.
The proposed model struggles with considering saturation, ex-
act winding function, and defining an effective air gap, which
is dependent on experimental measurement for calculation of
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lumped inductances in offline. In some other studies, the non-
linearity of the iron core is taken into account in the lumped
q-d vector model through FEM-based off-line pre-calculation
of nonlinear inductance matrix as a function of rotor position
and stator currents [8], [9]. The pre-calculated data are stored in
a look-up table and are used during lumped q-d based real-time
simulation depending on the operating condition. However, cre-
ating the look-up tables to cover a dense grid of the variables
range is very time consuming, memory inefficient, and causes
incorrect transient behavior due to jump discontinuities. With
the lumped q-d model, time-steps in the range of hundreds of
nanoseconds to a few microseconds have been achieved. Since
the HIL platform is safe and non-destructive, the scenario is
particularly beneficial when electric machine faults are studied
on the real-time simulator. The lumped q-d model is unable to
accommodate electric machine internal faults. Thus, physics-
based models, i.e., magnetic equivalent circuit (MEC) and finite
element method (FEM) models, should be employed. FPGA-
based hardware acceleration of FEM computation for a linear
induction motor was investigated in [10], where an acceleration
rate of 9.7 is achieved in comparison with commercial FEM
software on CPU. In [11], for the first time, a 2 ms time-step
real-time TLM (RT-TLM) is proposed for FEM computation of
one pole pitch of a linear induction motor on FPGA employing
finite pre-calculation of LU decompositions. The computational
intensity of FEM makes it inappropriate for real-time simulation
of faults since the entire electric machine domain needs to be
modeled [12]. The ability of magnetic equivalent circuit (MEC)
to consider magnetic nonlinearity of the iron core, spatial har-
monics and machine faults with medium computational burden
make it promising for real-time simulation [13]–[21].

The solution of MEC system of nonlinear equations re-
quires LU decomposition of the entire coefficient matrix in
each Newton-Raphson (N-R) iteration and time-step due to
the nonlinearity of iron core and rotation, respectively. Fur-
thermore, fault studies require high bandwidth simulation of a
non-periodic boundary problem, which challenges the timing
constraints of the real-time simulation. The transmission line
modeling (TLM) method decouples nonlinear elements from a
coupled linear network using lossless time-delayed transmission
lines to keep the coefficient matrix unchanged during nonlinear
iterations [22], [23].

The MEC model has the lowest computational burden with
the ability of electric machine internal fault modeling. In [24],
a new transmission line modeling (TLM) algorithm for the
MEC-based solution of induction machines is proposed to
decouple the nonlinear magnetic equations. A look-up table
is used to solve the decoupled nonlinear elements, where an
acceleration rate of 8.7 times is achieved in comparison to the
conventional MEC method. Later in [25], MEC-based real-time
simulation of one pole pitch of the induction machine with the
time-step of 150 μs has achieved on multi-core CPU-based
real-time simulator. In [26], the FPGA-based real-time simu-
lation of a switched reluctance motor (SRM) using the MEC
model is performed on FPGA. However, due to the salient
magnetic structure of this type of machine, the MEC system
of equations size is small and cannot be generalized for other
electric machines including induction motors. In [27], the MEC

model of an induction motor is used for real-time simulation
on FPGA using massively paralleled and deeply pipelined
Gauss-Jordan elimination solver and the minimum time-step of
400 μs is achieved. However, the proposed hardware prototype
is not able to accommodate internal machine faults since the
study domain is reduced to one pole pitch of an induction motor
under anti-periodicity boundary condition.

In this paper, for the first time, real-time HIL emulation
of faulted electric machines on FPGA is proposed, which
further struggles with larger problem size of the entire study
domain due to asymmetric properties of faults, and smaller
time-step requirement to capture higher order of harmonics in
the stator winding current under fault condition. To overcome
the computational intensity, the TLM method is utilized as the
basis to keep the MEC coefficient matrix unchanged during
the nonlinear iterations, and two novel ideas are proposed
for the real-time TLM (RT-TLM) method as follows: (1) A
special combination of matrix re-ordering and left-looking
Gilbert-Peierls algorithm for sparse LU decomposition to keep
the majority of the decomposed matrix unchanged through the
entire simulation, which minimizes the real-time simulation
computational burden, and (2) FPGA hardware implementation
is used to fully exploit the parallelism of the TLM algorithm
and the reduced-order sparse solver.

The main purpose in HIL emulation of an electric machine
drive system is for testing actual control and protection devices
interfaced with the electric machine model on the real-time
simulator. Thus, this work focuses on development of real-time
electric machine model to be utilized for HIL testing. The
paper is organized to first present the MEC-based TLM
formulation and the proposed RT-TLM ideas in Section II.
The massively parallel and deeply pipelined hardware design
architecture and implementation on Xilinx Virtex UltraScale+
XCVU9P FPGA board are discussed in Section III. Then,
the real-time simulation results of the transient start-up and
steady-state under healthy and various kind of faulty conditions
are presented, including winding inter-turn faults, broken rotor
bar, broken end ring, as well as power system disturbances
including voltage unbalance and power supply harmonics
followed by 2-D FEM results validation in Section IV. Finally,
in Section V the conclusions are provided.

II. NOVEL MEC-BASED RT-TLM EMULATION

A. Transmission Line Modeling (TLM) Method

TLM is a discretization method in time-domain, which pro-
poses decoupling of nonlinear and reactive elements of an
electrical circuit through lossless and time-delayed transmis-
sion lines with arbitrarily chosen characteristic impedance [22],
[23]. Based on the TLM method, a nonlinear network is made
equivalent to a linear network and decoupled nonlinear and
reactive elements. The TLM procedure is based on traveling
incident waves through the transmission lines and calculating
the reflected waves at the linear network (sending end) and
the decoupled elements (receiving end) due to mismatch of the
traveling wave characteristic impedance. The calculation of the
reflected waves at the sending end requires solution of a lin-
ear system of equations corresponding to the linear network
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Fig. 1. The TLM application procedure on MEC. (a) One tooth of the stator and rotor of an induction motor. (b) MEC model. (c) Transmission line decoupling.
(d) MEC-based TLM network and the decoupled nonlinear permeances.

including transmission lines. At the receiving end, the calcu-
lation of the reflected waves requires solution of decoupled
individual nonlinear elements, where parallelism can be ex-
ploited. In comparison with the conventional method, where a
linear system of equations needs to be solved in every nonlinear
iteration and time-step, the TLM method requires only one LU
decomposition per time-step followed by a number of forward
elimination and backward substitutions equal to the number of
TLM iterations.

B. TLM-Based MEC Modeling

Assuming an induction machine with Nss number of stator
slots and Nrs number of rotor slots, the ith stator tooth and
the jth rotor tooth followed by their MEC models are shown
in Fig. 1 (a) and (b), respectively. Due to the dependence of μ
on magnetic flux density, the permeances of stator base (Psb ),
stator tooth (Pst), rotor tooth-tooth (Prtrt), rotor tooth (Prt)
and rotor base (Prb ) are nonlinear. However, the permeances
of stator-tooth-to-rotor-tooth (Pstrt) and the stator tooth-tooth
(Pstst) are considered linear due to the dominance of constant
permeability of air (μ0).

Conventionally, MEC model requires the solution of a sys-
tem of equations in every iteration and time-step due to the
nonlinearity of permeances and rotation, respectively. The TLM
method uses lossless time-delayed transmission lines to decou-
ple nonlinear permeances from a coupled linear network as
shown in Fig. 1 (c) to keep the MEC matrix unchanged within
each time-step. The corresponding transmission line character-
istic admittances (Y0P ) can be determined by substituting the
nonlinear permeability of the permeances (μ) with arbitrarily
chosen permeability (μtlm ) as follows:

P =
(∫ L

0

dl

μS(l)

)−1

, Y0P =
(∫ L

0

dl

μtlm S(l)

)−1

. (1)

The nonlinear permeances are substituted by their Thevenin
equivalent circuits of the transmission lines shown in Fig. 1(d)
[24].

The TLM iterative procedure begins with traveling incident
potentials through transmission lines and calculation of the re-
flected potentials from the linear network (sending end) using
the nodal magnetic vector potentials. Considering the kth TLM
iteration of the kth simulation time-step, the magnetic vector
potentials (nk A) can be found by the solution of MEC-based
TLM linear system of equations.

In Fig. 1(d), the Kirchhoff’s current law (KCL) for the stator
base and tooth nodes are respectively as follows:

Y0Ps t , i
(n
k Asb,i −n

k Ast,i − 2 ×n
k Ainc.

Ps t , i
) + Y0Ps b , i−1 (

n
k Asb,i

−n
k Asb,i−1 − NT

qd0,i−1
n
k iqd0 − 2 ×n

k Ainc.
Ps b , i−1

) + Y0Ps b , i

(n
k Asb,i −n

k Asb,i+1 + NT
qd0,i

n
k iqd0 + 2 ×n

k Ainc.
Ps b , i

) = 0, (2)

Y0Ps t , i
(n
k Ast,i −n

k Asb,i + 2 ×n
k Ainc.

Ps t , i
) + Pstst,i−1

(n
k Ast,i −n

k Ast,i−1) + Pstst,i(n
k Ast,i −n

k Ast,i+1)

+
Nr s∑
j=1

Pstrt:i,j (n
k Ast,i −n

k Art,j ) = 0, (3)

where n
k Ainc.

Ps b , i
and n

k Ainc.
Ps t , i

are the incident magnetic vector
potentials, while n

k Asb,i and n
k Ast,i are the nodal magnetic vector

potentials of the ith stator base and tooth, respectively. The
n
k is,i = NT

qd0,i
n
k iqd0 represents the stator magnetic motive force

(MMF) of the ith stator slot, where NT
qd0,i is the ith slot turn

function and n
k iqd0 is the stator winding current in qd0 frame.

Similarly, for the rotor tooth and base nodes, the KCL can be
presented as:

Y0Pr t , j
(n
k Art,j −n

k Arb,j −n
k ir,j − 2 ×n

k Ainc.
Pr t , j

) + Y0Pr t r t , j −1

(n
k Art,j −n

k Art,j−1 − 2 ×n
k Ainc.

Pr t r t , j −1
) + Y0Pr t r t , j

(n
k Art,j−

n
k Art,j+1 + 2 ×n

k Ainc.
Pr t r t , j

) +
Ns s∑
i=1

Pstrt(n
k Art,j −n

k Ast,i) = 0,

(4)
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Y0Pr t , j
(n
k Arb,j −n

k Art,j +n
k ir,j + 2 ×n

k Ainc.
Pr t , j

)

+ Y0Pr b , j
(n
k Arb,j −n

k Arb,j+1 + 2 ×n
k Ainc.

Pr b , j
)

+ Y0Pr b , j −1 (
n
k Arb,j −n

k Arb,j−1 − 2 ×n
k Ainc.

Pr b , j −1
) = 0, (5)

where n
k ir,j is the jth rotor bar current of the kth TLM iteration

of the kth simulation time-step.
The stator winding linkage flux (λqd0) can be represented in

terms of the magnetizing and leakage fluxes as follows:

λqd0 =
N ss∑
i=1

Wqd0,iY0Ps t , i
(n
k Ast,i−n

k Asb,i+2×n
k Ainc.

Ps t , j
)

+ Ll
n
k iqd0, (6)

where Wqd0,i is the winding function of the ith stator slot in
qd0 frame, and Ll is the stator winding leakage inductance, both
extensively discussed in [17]. The jth rotor loop and end ring
linkage flux can be represented as:

λ̂r,j = Y0Pr t , j
(n
k Arb,j −n

k Art,j + 2 ×n
k Ainc.

Pr t , j
+n

k ir,j )

− Pb,j−1
n
k ir,j−1 + (Pb,j + Pb,j−1 + Pf e,j + Pbe,j )n

k ir,j

− Pb,j
n
k ir,j+1 − Pf e,j

Pf e

Nr s∑
j1 =1

Pf e,j1
n
k ir,j1 (7)

where Pb,j , Pf e,j and Pbe,j are the linear permeances of the
rotor bar, front end ring, and back end ring, respectively.

The MEC-based TLM equations of (2)–(7) can be reorganized
into a system of equations of Mn

k x =n
k b, where the MEC ma-

trix (M) is dependent on the transmission line admittances. M,
n
k x, and n

k b are ordered as follows due to an advantage discussed
in Subsection B.:⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Msb−sb 0 Msb−si 0 Msb−st 0

0 Mrb−rb 0 Mrb−ri 0 Mrb−rt

Msλ−sb 0 Ll 0 Msλ−st 0

0 Mrλ−rb 0 Mrλ−ri 0 Mrλ−rt

Mst−sb 0 0 0 Mst−st Mst−rt

0 Mrt−rb 0 Mrt−ri Mrt−st Mrt−rt

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(8)

n
k x =

(
n
k Asb

n
k Arb

n
k iqd0

n
k ir n

k Ast
n
k Art

)T
(9)

n
k b=

(
n
k bsb

n
k brb λqd0 +n

k bsλ λ̂r +n
k brλ

n
k bst

n
k brt

)T

(10)

where n
k bsb , n

k brb , n
k bsλ, n

k brλ, n
k bst and n

k brt are the TLM
sources dependent on the incident potentials of the sending end
that change in each TLM iteration. Since the MEC-based TLM
matrix remains unchanged within each time-step, the solution
requires only one LU decomposition per time-step. Meanwhile,
the n

k b matrix changes, where only sparse forward elimination
and backward substitution need to be carried out per TLM iter-
ation.

The TLM procedure continues with the calculation of re-
flected magnetic vector potentials at the sending end of each

permeance (nk Aref .
P ) as follows:

n
k Aref .

P =n
k AP −n

k Ainc.
P , (11)

where n
k AP is a vector of the potential difference across each

permeance (P ). The reflected potentials of the sending end travel
through the transmission lines and become the incident poten-
tials of the decoupled nonlinear permeances (receiving end)
without any change since the transmission lines are lossless.
The mismatch of the transmission line admittances and the non-
linear permeances results in reflecting potentials at the receiving
end, which travel toward the sending end and become the next
incident potentials of the sending end and can be obtained by
nonlinear solution of the decoupled nonlinear permeances as
follows:

Y0P (n
k Aref.

P −n
k+1 Ainc.

P ) = P (n
k AP )(n

k Aref.
P +n

k+1 Ainc.
P ),

(12)
where P (n

k AP ) represents the magnetic permeance as a function
of magnetic vector potential difference across each nonlinear
permeance.

As the N-R solution of (12) converges for all nonlinear per-
meances, the incident magnetic vector potentials at the sending
end of the transmission lines unconditionally converge and the
output variables including stator and rotor currents are obtained.

The time derivative of the state variables, including the stator
flux (λqd0), the rotor linkage flux of the jth rotor loop (λr,j ), and
the front end ring linkage flux (λf e ) can be calculated from the
electrical circuit of the stator and rotor, respectively as follows:

d

dt
λqd0 = vqd0 − rs iqd0 ,

d

dt
λf e = −

Nr s∑
j=1

rf e,j (if e − ir,j )

d

dt
λr,j = −rb,j (ir,j − ir,j+1) − rbe,j ir,j−

rb,j−1(ir,j − ir,j−1) − rf e,j (ir,j − if e), (13)

where vqd0 and rs are the stator voltage and winding resistance.
rb,j , rbe,j , and rf e,j are the bar, back end ring and front end ring
of the jth rotor loop, respectively. The time-stepping procedure
continues to the next time-step with forward Euler discretization
of (13).

The rotational speed can be found through the equation of
motion as follows:

Te − TL = Jω̇ + Bω, (14)

where

Te =
P

2
(λdiq − λq id). (15)

C. Matrix Re-Ordering, Partially Pre-Calculated LU
Decomposition and Reduced Order Sparse Solver

Conventional randomly organized MEC-based TLM system
of equations requires one LU decomposition of the MEC ma-
trix with the size of 2Nss + 3Nrs + 3 per time-step. However,
only the Mst−rt , Mrt−st , Mst−st and Mrt−rt sub-matrices
change during simulation due to rotation through the change of
Y0Ps t r t , j

. The idea behind ordering the MEC-based TLM system
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Fig. 2. Proposed RT-TLM MEC matrix LU decomposition procedure.

of equations is shown in (8) to keep the majority of the matrix
unchanged during rotation. In column by column approach of
the left-looking Gilbert-Peierls algorithm for sparse LU decom-
position, each element M ′(ri, ci) on the decomposed matrix is
only dependent on the already computed elements in the de-
composed sub-matrix of M′(1 : ri, 1 : ci), where ri and ci are
the row and column indices respectively. Taking the advantage
of the algorithm, the LU decomposition of the majority of
the matrix remains unchanged during the time-stepped proce-
dure and make it amenable for partial pre-calculation to satisfy
the real-time simulation timing constraints.

Fig. 2 shows the non-zero pattern of the MEC coefficient
matrix (M) during LU decomposition procedure broken into
the two stages of pre-processing and real-time processing. The
re-ordered non-zero pattern of matrix M is shown in Fig. 2(a),
where the sub-matrices of M11 ,M12 ,M21 are fixed through
the entire simulation and M22,1 contains the elements of
Mst−st and Mrt−rt , which are motion independent. Fig. 2(b)
shows the non-zero pattern of the partially pre-calculated
LU decomposition of matrix M, where the sub-matrices of
M′

11 ,M
′
12 ,M

′
21 are calculated independent of M22,1 based on

the left-looking Gilbert-Peierls algorithm. The pre-calculated
sub-matrix of M22,2 is part of the motion dependent sub-matrix
of M22,3 , which is dependent on already decomposed fixed
sub-matrices of M′

11 ,M
′
12 ,M

′
21 to maximize the benefit

of pre-calculation. In the real-time process of Fig. 2(c), the
motion dependent terms of Mst−rt , Mrt−st , Mst−st and
Mrt−rt sub-matrices are accumulated on the pre-calculated
M22,2 , while the rest of sub-matrices are unchanged. Finally,
only the sparse LU decomposition of the M22,3 needs to be
carried out to obtain M′

22 . As a result, the LU decomposition
computation burden of a matrix dimension of 2Nss + 3Nrs + 3
is considerably reduced to Nss + Nrs .

Fig. 3. Proposed MEC-based RT-TLM FPGA implementation state diagram.

To maximize the solver efficiency in the pre-processing stage,
the sparsity pattern of the partially pre-calculated LU decom-
position of the MEC-based TLM matrix (Fig. 2(b)) is stored
through 6 six auxiliary matrices, where SNZL/SNZU addresses
the first nonzero number in each column of the lower/upper trian-
gular, NNZL/NNZU addresses the number of nonzeros in each
column of the lower/upper triangular, NZRL/NZRU addresses
the nonzeros row index of the lower/upper triangular. Afterward,
the six auxiliary matrices are partially updated during the real-
time processing of reduced-order sparse LU decomposition to
be readily used in the sparse forward elimination and backward
substitution.

D. Parallelism Exploitation

One source of parallelism can be found in the column-by-
column approach of the left-looking Gilbert-Peierls algorithm
for sparse LU decomposition with respect to rows when the col-
umn is being updated by fill-ins calculation. Similarly, for the
sparse forward elimination and backward substitution, compu-
tations are independent with respect to rows.

Owing to the TLM algorithm, another source of parallelism
can be found in the nonlinear solution of (12) to find the next
incident potentials of the sending end from decoupled nonlin-
ear permeances at the receiving end, which makes the TLM
method highly effective on parallel processors rather than se-
quential ones. FPGAs as the massively paralleled hardware can
be utilized to take the benefit of parallel processing to achieve
real-time simulation. The parallelism exploitation is extensively
discussed in Section III.
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Fig. 4. Massively paralleled and deeply pipelined FPGA hardware architecture. (a) S2: Reduced-order sparse LU decomposition. (b) S4: Sparse forward
elimination and backward substitution. (c) S7: Next incident magnetic vector potentials.

III. MEC-BASED RT-TLM HARDWARE IMPLEMENTATION

When the case study machine changes, the pre-processing
stage includes defining the machine geometry and material prop-
erties, calculation of the electrical parameters, calculation of the
linear, TLM and motion independent permeances, the formation
of motion independent MEC-based TLM matrix of Fig. 2(a), and
finally performing the partial LU decomposition to calculate the
matrix of Fig. 2(b). The pre-processing stage can be performed
on either the same hardware platform or another CPU-based pro-
cessor and loaded into the hardware, where both are followed
by the same real-time processing stage. The latter strategy is
used in this work for simplicity.

The proposed MEC-based RT-TLM methodology state dia-
gram is shown in Fig. 3. The diagram includes three cascaded
loops, i.e., the time-step, the TLM, and the N-R loop. It can be
seen that with the proposed methodology, taking the advantage
of TLM method, the reduced-order sparse LU decomposition
in State S2, which has the most computational burden, needs to
be carried out only once per time-step. However, the sparse for-
ward elimination and backward substitution in State S4 should
be calculated for the TLM number of iterations (NT LM ) per
time-step. In addition, massive parallelism can be implemented
for State S7 as the most inner loop with highest number of
iterations (NT LM × NN −R ) per time-step, which is the cal-
culation of the next incident magnetic vector potential for de-
coupled nonlinear permeances of Psb , Pst , Prtrt , Prt and Prb

through the N-R method. The numbered items in states indi-
cate the component level parallelism, while the state-to-state
transition is sequential. The external inputs and outputs are con-
nected to the FPGA board input and output pins (I/O pins) for
HIL emulation.

Fig. 4 shows the hardware implementation, where paralleled
and pipelined implementation are shown for the most critical
designed states of Fig. 3 in terms of execution time per
iteration and the number of iterations per time-step, i.e., S2:
reduced-order sparse LU decomposition, S4: sparse forward
elimination and backward substitution, and S7: calculation of
nonlinear permeances next incident magnetic vector potentials.
The parallelism in the algorithm-level and operation-level is
fully exploited through parallelism and pipelining schemes,
where parallelism is simultaneous operations through parallel
hardware and pipelining is a chain of independent operations in
each clock through the same hardware due to the involvement
of RAMs with a limited number of ports (dual port). The data is
pipelined from the component input to the output by changing
the row and column indices of ri and ci , respectively.

The maximum latency is considered for each floating point
operation IP core to achieve the highest drivable FPGA clock
frequency and total reduction in time-step size, which is 28
clocks for floating point divisions (Flp Div), 23 clocks for the
logarithm (Flp Log), 12 clocks for additions/subtractions (Flp
Add/Sub), 8 clocks for multiplications (Flp Mul), 2 clocks for
16 bits fixed point addition (Fix Add), 1 clock for 8 bits fixed
point multiplication (Fix Mul), and 1 clock for RAMs read/write.
The register IP blocks used for signal timing coordination in the
pipelining scheme is not shown in the Fig. 4 to improve read-
ability. A compromise between the result accuracy, hardware
resource, and achievable frequency make the standard 32-bit
single precision number representation for floating point opera-
tions ideal.

The hardware is designed by 10,000 lines of handwritten
VHDL code in Xilinx Vivado software and the bit stream is
generated after the behavioral simulation, synthesis, design
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Fig. 5. Real-time simulator hardware set up.

Fig. 6. Stator winding phase current transients during no load start-up.

initialization, optimization and placing the design, respectively.
The bit-stream is implemented using JTAG interface on the Xil-
inx Virtex UltraScale+ XCVU9P FPGA board shown in Fig. 5.
The digital outputs of the FPGA board on FMC port are con-
verted to analog using DAC board to be shown on the oscillo-
scope.

IV. REAL-TIME SIMULATION RESULTS

In this section, the fidelity of the proposed MEC-based
RT-TLM method under transient start-up and steady-state op-
eration of a wye-connected, 3-hp and 4-pole squirrel-cage in-
duction motor with closed rotor slots is evaluated with the 2-D
FEM model on the commercial Jmag-Designer software.

A. Transient Start-Up

Figs. 6 and 7 show the induction motor real-time stator phase
current and rotor speed transients validated by FEM and ex-
perimental results when the induction motor is directly line-fed
from a 208 V three-phase 60 Hz power supply. During the
start-up period of t = 0 s to t = 0.4 s, a high (42 Arms) no load

Fig. 7. Rotor speed transients during no load start-up.

Fig. 8. Steady-state stator current result validation. (a) Case 1: Healthy.
(b) Case 2: Stator winding inter-turn short circuit fault. (c) Case 3: Rotor broken
bar fault. (d) Case 4: Rotor broken end ring fault. (e) Case 5: Supply 5th and
7th harmonics. (f) Case 6: Unbalanced supply.

inrush current passes through the winding to rotate the rotor
to the asynchronous speed of 1792 rpm. Afterward, during the
time period of t = 0.4 s to t = 0.5 s, the winding current settles
down to the steady-state no load current (2.8 Arms).

It is shown that the time-domain transient current wave shape
of the proposed real-time method is in a good agreement with
FEM and experimental results.

B. Steady-State

In this part, the induction motor under ideal steady-state op-
eration is compared with abnormal operating conditions under
various types of machine faults and supply disturbances, which
do not initially and necessarily lead the machine operation to
fail. The stator winding current harmonic spectrum is shown for
6 cases in Fig. 8 with a line-fed 208 V three-phase 60 Hz power
supply and full load torque of 13 Nm at the speed of 1746 rpm.
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1) Case 1. Healthy: In practice, under a healthy condition,
the air-gap MMF and flux are not purely sinusoidal and contain
spatial harmonics as a result of winding distribution and slotting
effect. The harmonic spectrum of the stator winding current
using the Discrete Fourier Transform (DFT) of Fig. 8(a) shows
those odd harmonic contents.

2) Case 2. Stator Winding Inter-Turn Short Circuit Fault:
The 4-pole induction motor is equipped with 2 parallel coils
per phase with 40 turns per coil. The inter-turn short-circuit
fault is modeled by reducing the number of turns of one coil of
phase-a to 30. Fig. 8(b) shows the current amplitude of phase-a
is increased from 15 A (23 dB) to 20 A (26 dB) as a result
of the partial short-circuit of the stator winding. In addition,
sub-harmonics, side band harmonics of the main and spatial
harmonics are manifested in the winding current DFT as ex-
pected due to change of the non-sinusoidal winding distribution
function.

3) Case 3. Rotor Broken Bar Fault: The induction motor
case study contains 28 rotor bars. The broken rotor bar is mod-
eled through a 10 mΩ resistance in the electrical circuit instead
of the 48.72 μΩ of the healthy bar, since in most cases the bar
is cracked rather than entirely disconnected. From Fig. 8(c), it
can be seen the fault increases the harmonic spectrum in the
current waveform as a result of facing the broken bar to the
stator winding MMF.

4) Case 4. Rotor Broken End Ring Fault: Similar to the
broken bar, the cracked end ring is modeled by substituting a
100 μΩ resistance instead of the healthy end ring resistance
of 1.38 μΩ. The broken end ring interferes with the rotor bar
current flow, and for the same reason as the broken bar, it results
in increasing the harmonic content as shown in Fig. 8(d).

5) Case 5. Supply 5th and 7th Harmonics: In the case of
direct grid connected induction motors, the supply voltage is
not purely sinusoidal. Harmonics 5th and 7th are the dominant
time harmonics in the power system due to the presence of power
electronic devices. In this case, 10% harmonics of 5th and 7th
are considered in the voltage supply to evaluate the ability of the
model in capturing those harmonics with the real-time sampling
period. Since the 5th and 7th harmonics are already present in
the motor current even for purely sinusoidal supply voltage,
due to the spatial harmonics, higher than normal 5th and 7th
harmonics are injected in the supply voltage to distinguish the
spatial harmonics and the supply voltage harmonics with better
visibility. Fig. 8(e) shows that the harmonics are effectively
captured in the DFT of the winding current.

6) Case 6. Unbalanced Supply: Finally, The DFT of the
stator current with 10% voltage drop in phase-a is shown in
Fig. 8(f).

Fig. 9 shows the steady-state torque and current versus speed
to validate the proposed RT-TLM results with FEM.

The comparison of the MEC-based real-time and 2-D FEM
results shows the validity and efficiency of the proposed RT-
TLM method in estimating the stator winding phase current
harmonic contents. The discrepancy of the results is mainly
due to the fact that MEC model is only a crude distributed
approximation of the major flux paths whereas FEM is an ex-
tremely accurate distributed model. Since the MEC is a lumped

Fig. 9. Steady-state torque and current vs. speed from no load to full load.

parameter model, it is generally expected to display a some-
what different (less accurate) harmonic content in comparison
to FEM. For instance, the spatial harmonics in the airgap can-
not be modeled accurately due to the lumped modeling of the
stator tooth to rotor tooth permeances. On the hardware side,
utilization of the 32-bit single precision floating point number
of the MEC-based real-time model in comparison to the 64-bit
double precision floating point number of the FEM model in
Jmag-Designer can results in some deviations by the accumu-
lation of the round-off errors through the computation process.
Considering that the high order harmonic amplitudes are negli-
gible in comparison with the main frequency, the DFTs in Fig. 8
are plotted based on decibels (20log10 x) to make the harmonics
visible. This representation visually highlights the MEC-based
real-time and 2-D FEM result discrepancies. Nevertheless, the
harmonic content verification of Fig. 8 still shows the proposed
MEC-based RT-TLM approach is able to represent a sufficiently
accurate signature of spatial and fault harmonics. A more de-
tailed MEC model with a smaller time-step could be proposed
to accurately capture higher order harmonics, however, the real-
time simulation timing and hardware resource constraints will
be violated. Although the MEC model itself is sensitive to the
machine parameter uncertainties, the proposed RT-TLM com-
putational procedure is not sensitive to the machine parameter
uncertainties. Fig. 10 shows the FEM magnetic field and current
density distribution analyzed by Jmag-Designer for healthy and
broken bar conditions. It is shown that the rotor broken bar pre-
vents the normal distribution of the magnetic field surrounding
the broken bar as well as the stator winding facing that bar.
The asymmetric magnetic field distribution as the result of rotor
broken bar causes non-sinusoidal MMF in the air gap, which
causes the additional harmonic contents in the stator current of
Fig. 8(c).

C. Hardware Resource

The implementation of the proposed RT-TLM method is per-
formed on Xilinx Virtex UltraScale+ XCVU9P FPGA board,
which is among the highest speed and largest FPGAs available
on the market. The concern behind selecting the device is more
to achieve the highest clock frequency rather than hardware re-
source. Table I shows the hardware resource utilization. Since
the design is deeply pipelined, just a small portion of the device
is used.

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 18,2022 at 18:54:24 UTC from IEEE Xplore.  Restrictions apply. 

READ O
NLY



1198 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 34, NO. 3, SEPTEMBER 2019

Fig. 10. FEM results of Jmag-Designer for healthy and broken rotor bar.
(a) Magnetic flux density. (b) Current density.

TABLE I
HARDWARE RESOURCE UTILIZATION

D. Timing Analysis

Table II shows the latencies of the real-time processing states
of Fig. 3. The MEC-based RT-TLM solution timing is reported
based on the required number of 3 N-R and 4 TLM iterations
with the convergence tolerance of 10−3 for both iterative loops
when the μT LM = 1000 μ0 is chosen.

The designed hardware on the targeted FPGA is derivable
with the maximum clock frequency of 300 MHz. Consequently,
considering the number of clock latencies of Table II and an idle
time of 6.04 μs, the minimum time-step of 500 μs is achieved.
The 500 μs time-step can be considered small enough to ef-
ficiently model the transients of the induction motor since it
delivers 33 data points on each cycle of the 60 Hz. Based on
Nyquist theorem, a signal can be reproduced with at least two
data points per cycle of the highest frequency content of a pe-
riodic waveform. Accordingly, the achieved time-step can re-
produce the waveform up to the 16th harmonic, i.e., 960 Hz.

TABLE II
LATENCIES OF EACH STATE IN REAL-TIME PROCESSING

The 500 μs electric machine model can be interfaced with a few
μs fast switching power converter model in an electric machine
drive system through digital integration of the converter output
PWM voltage over the PWM period to supply the electric ma-
chine in a variable frequency drive system [29]. The proposed
methodology is efficient and can be extended not only to MEC of
other types of electric machines but also to FEM computation
of any other small to medium size magnetodynamic problem
with moving structures subject to availability of the hardware
resource and satisfying the real-time constraint.

V. CONCLUSION

For the first time, the paper proposes a real-time TLM (RT-
TLM) emulation of faulted induction machines, facing the tim-
ing constraint challenges with high band width and non-periodic
boundary condition of fault studies. The paper applied the TLM
method to the MEC model in order to keep the coefficient ma-
trix unchanged during each time-step, requiring only one LU
decomposition per time-step due to rotation. The MEC-based
TLM matrix is re-ordered efficiently to keep the majority of the
matrix unchanged during the entire simulation to facilitate par-
tial pre-calculation of LU decomposition through the left look-
ing Gilbert-Peierls algorithm. Taking the advantage of FPGAs in
parallel processing of the algorithm, the minimum time-step of
500 μs with the FPGA clock frequency of 300 MHz is achieved
for real-time fault study of electric machines. The results show
the accuracy of the proposed method of obtaining the harmonics
in the stator winding currents validated by the Jmag-Designer
commercial FEM software. The proposed model can be used
for testing actual condition monitoring devices to detect and
distinguish various types of faults through motor current sig-
nature analysis (MCSA); however, it requires complex signal
processing and filtering stages, which is left for future work.
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