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Optimal Excitation Angles Analysis Based on the
SRM Quasi-Linear Normalized Model for
Enhanced Overall Performance

Zhiyuan Chai
Yao Sun

Abstract—This article evaluates the comprehensive performance
of switched reluctance motors (SRMs) using three key metrics:
torque per ampere, average torque, and torque ripple, which
cannot be simultaneously optimized at the same excitation an-
gle. Traditional analytical methods for optimizing excitation an-
gles (turn-ON and turn-OFF angles) focus solely on maximizing
torque per ampere, resulting in complex formulas with limited
general applicability. To overcome these limitations and ensure
high-performance operation of the SRM across the entire torque-
speed range, a generalized SRM quasi-linear normalized model
is proposed, addressing the tradeoff between model accuracy and
complexity. A multiobjective function is developed to coordinate
the three performance metrics, and universal analytical formulas
for optimal excitation angles are derived. The excitation angle con-
troller requires only real-time detection of speed and reference cur-
rent, enabling simple implementation. The precision and generality
of the derived expressions are validated through comparisons with
traditional finite-element methods using 12/8 three-phase and 8/6
four-phase SRMs. Simultaneously, considering the fringing effect
and the back electromotive force in the low-inductance region,
the current reference compensation in single pulse mode ensures
that the target current peak is achieved. Finally, steady-state and
dynamic experiments on a 12/8 three-phase prototype confirm the
effectiveness of the optimal excitation angle formulas.

Index Terms—Analytical formula, multiobjective function,
optimal excitation angles, SRM quasi-linear normalized model
(SRM-QLNM), switched reluctance motor (SRM).

1. INTRODUCTION

WITCHED reluctance motors (SRMs) are favored for their
simple structure, robustness, and absence of permanent-
magnet rotors, making them suitable for harsh environments and
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a wide range of speeds, particularly in automotive and aerospace
starting/generating applications [1], [2], [3]. However, the in-
herent nonlinearity of their magnetic reluctance characteristics
complicates accurate modeling and high-performance control,
which depend on the optimization of excitation angles (turn-ON
and turn-OFF angles). These technical limitations hinder the
widespread adoption of SRMs. Consequently, researchers have
focused on optimizing excitation angles to enhance torque per
ampere for improve efficiency, increasing average torque for im-
proved driving performance, and reducing torque ripple to min-
imize vibration and noise. However, achieving optimal perfor-
mance for all three metrics simultaneously at a single excitation
angle is impossible, necessitating multiobjective optimization
for high-performance operation across the entire torque—speed
range.

The operating state of the SRM is closely related to the phase
currents, with the excitation angles determining the position of
the phase current waveform relative to the phase inductance.
This is a key factor influencing energy conversion and SRM
performance, which can also be further improved by combining
direct instantaneous torque control [4], [5], torque sharing func-
tion [6], [7], and vector control [8], [9], [10] to reduce torque
ripple [11], [12]. Consequently, considerable research has been
dedicated to optimizing the excitation angles, including lookup-
table method [13], [14], [15], [16], [17], online optimization
technique [18], [19], [20], [21], function analysis method [22],
[23], [24], [25], [26], and their combinations [27], [28]. In [17],
four scenarios were considered during the SRM design phase,
combining average torque, torque per ampere, and torque rip-
ple into single and multiobjective optimization problems to
improve performance by optimizing the turn-ON and turn-OFF
angles. In [13], [14], [15], and[16], multiobjective optimization
techniques were employed to iterate the optimal turn-ON and
turn-OFF angles, maximizing average torque, minimizing torque
ripple, and achieving maximum efficiency, with the optimal
excitation angle stored in a table for convenience. However,
lookup-table methods rely on accurate motor models and ex-
tensive data processing. Multiobjective optimization using only
online optimization and analytical methods is more challeng-
ing. Online optimization methods primarily target maximizing
torque per ampere [18], [19], [20]. In [21], efficiency and torque
ripple were used as objective functions, and genetic algorithms
were applied for online optimization of the excitation angle.
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However, this approach requires obtaining the corresponding
coefficients before applying the genetic algorithm, and its com-
putational accuracy decreases at higher speeds. While online
optimization avoids control errors caused by inaccurate models
or parameters, the algorithm is complex to design and has poor
dynamic response.

Compared to other methods, the function analysis method
based on the SRM motor model offers advantages in solving
efficiency and fast dynamic response, making it the preferred
choice for excitation angle optimization. In [24], an optimal
turn-ON angle analytical formula was proposed for the SRM
high-speed single pulse mode (SPM) operation, which is related
to the geometric parameters of the motor and maximizes torque.
To maximize efficiency, the authors in [22] and [27] proposed
an analytical method to optimize the turn-ON angle based on an
SRM linear model with a constant low-inductance region, ensur-
ing that phase current reaches the reference current exactly when
the stator and rotor poles begin to overlap. However, the fringing
effect in the actual low-inductance region and the influence of
back electromotive force (back EMF) result in low accuracy.
In [23] and [29], nonlinear modeling of the low-inductance
region was performed, considering back EMF effects, leading
to a more accurate analytical formula for the optimal turn-ON
angle. However, the analysis from a phase current perspective is
quite complex. Simultaneously, optimizing the turn-OFF angle
ensures that phase current drops to zero before the motor enters
the negative torque region, but requires offline measurement of
coefficients under current chopping mode (CCM). In [25], an
in-depth analysis from the flux linkage perspective provided a
more accurate and structurally simpler optimal turn-ON angle
formula, although it requires detailed parameters for nonlinear
inductance. In [27] and [28], the lookup-table method was
combined to optimize both efficiency and torque ripple. In [22]
and [26], the optimal excitation angle was derived based on
the optimal magnetic flux linkage from an SRM linear model,
optimizing both efficiency and torque ripple through multiob-
jective optimization; however, offline parameter determination
complicates implementation.

The variation in phase numbers and stator/rotor pole pairs
complicates SRM modeling and control, limiting its widespread
adoption. Due to these constraints, existing optimal excitation
angle formulas lack general applicability. Most function analysis
methods focus primarily on maximizing torque per ampere while
overlooking average torque and torque ripple optimization. The
main contributions of this article are summarized as follows:

1) Tobalance model accuracy and complexity while account-
ing for saturation effects, the SRM quasi-linear normalized
model (SRM-QLNM) is proposed by integrating the SRM
linear normalized model [30] and the SRM quasi-linear
model (SRM-QLM) [31]. Parameter normalization sim-
plifies analytical complexity and unifies models across
different SRM structures, enhancing the universality of
control parameters.

2) The optimal turn-ON and turn-OFF angles are redefined
to optimize the average torque, torque ripple, and torque
per ampere simultaneously. Based on SRM-QLNM,
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Fig. 1. Phase current and inductance waveforms of the SRM-QLM.

analytical formulas for optimal excitation angles are de-
rived, ensuring high-performance operation in both CCM
and SPM.

3) To address nonlinearities in the low-inductance region,

a compensation method for current reference values in
closed-loop control under SPM is proposed, ensuring that
the phase current peaks reach the reference values.

The rest of this article is organized as follows. In
Section II, the SRG-QLNM is established and its accuracy is
verified by comparison with the nonlinear model. In Section III,
the optimal excitation angles are derived based on SRM-QLNM
and validated for accuracy and generality by comparison with
the finite-element traversal results. In Section IV, experiments
are conducted to confirm the effectiveness and generality of the
SRG-QLNM and the analytical formulas for optimal excitation
angles. Finally, Section V concludes this article.

II. ESTABLISHMENT OF THE SRM-QLNM
A. Traditional SRM-QLM

In practical SRM operation, the phase inductance L(0) is
influenced by magnetic saturation. To avoid complex calcula-
tions while maintaining reasonable accuracy, the SRM-QLM
is commonly used to approximate the saturation effects in the
magnetic circuit. As shown in Fig. 1, the phase current and phase
inductance waveforms for the SRM-QLM are plotted, with the
rotor position ¢ on the horizontal axis. L, and L, represent
the phase inductance values at the unaligned position 6,, and
aligned position 6, respectively. Using 6,, as the zero position,
the characteristic positions are determined based on the motor’s
structural parameters, namely the stator pole arc angle g and
rotor pole arc angle 0. The analytical relationship is given by

Oy = (7, — O — On) /2
03 =05 + 0g
0y =02+ 0R (D
05 = 1 — 0
7. = 360/N,
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Fig. 2. Piecewise linearized magnetization curve of the SRM-QLM.

where 7, represents the rotor pole pitch, and NN, is the number
of rotor poles.

By performing a piecewise linear approximation of the mag-
netization curve of the SRM nonlinear model [32], the mag-
netization curve of the SRM-QLM is obtained, as shown in
Fig. 2, where igy is the saturation current, which represents
the boundary between the unsaturated and saturated regions
of the flux linkage. The flux linkage at 6, corresponding to
isa is denoted as Ag. When the phase current ¢(6) < gy, the
magnetic circuit is unsaturated, and its slope represents the max-
imum inductance Ly,x. When i(6) > i, the magnetic circuit
is saturated, and it can be approximated as being parallel to the
minimum inductance L,,. The formulas for L,,x and L, are
derived as

{Lmax = )\sat/isat (2)

Lmin - ()‘ - )"Sdt)/(l - Z‘sat)~

Due to the unsaturated condition at the unaligned position,
L., = L, L, is affected by core saturation and depends on the
phase current value. From (2), L, can be derived as

La _ )\/Z _ Lmaxa . . Z S 7§sat (3)
Lmin + (Lmax - Lmin)zsat/za % > lsat-

Therefore, the piecewise analytical formula of L(6) in each
region shown in Fig. 1 can be derived as (4), where the slope K
in the inductance rising region can be expressed as (5).

L, A
L,+ K@ -0y, B
L) = L., C @
L,—K(@—04), D
L., E
K = M 5)
Os

According to the Faraday’s law of electromagnetic induction,
the relationship between the phase flux linkage A(6), the dc bus
voltage Uy, and the rotor electrical angular velocity w, is given
by

0 S [eom eoff]
0 e [Goff,az].

Ude (p _
1) = Yo np = { o (0= Bon). 6)

Wr %(92 - 9)7
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TABLE I
CHARACTERISTIC PARAMETERS OF THE 12/8 THREE-PHASE SRM

Parameters Value

Stator pole arc angle 6g (°) 15.5
Rotor pole arc angle 6 (°) 19

The maximum inductance Lmax (pH) 258
The minimum inductance Ly (#H) 32
Saturation current isat (A) 125

Based on (4) and (6), the piecewise analytical formula for the
phase current ¢(f) under the SRM-QLM can be derived as

%;9007 0 c [9011782}

M 0 € [0, O]

N ) R N o
2(9) = L(@) = UJT[L::’KZ(0792)]’ RS [aoffv 63] (7)

Va3, 0 € [0, 04]

Udc(0-—0) 0 e [94, QZ}

wr[La—K(0—04)]

B. SRM Quasi-Linear Normalized Model (SRM-QLNM)

To simplify the SRM-QLM and create a universal SRM
mathematical model, the parameters in the SRM-QLM are nor-
malized, resulting in the SRM-QLNM. This approach eliminates
the need for unit conversions between parameters, reducing
analytical complexity. In addition, the control parameter formu-
las derived from this model can be directly applied to SRMs
with different structural parameters, ensuring strong univer-
sality. Table I lists the key characteristic parameters required
for establishing the SRM-QLNM. Taking the 12/8 three-phase
SRM as an example, these include the stator and rotor pole arc
angles 0 and 6, the maximum inductance Ly, the minimum
inductance Ly, and the saturation current 7y,.

Four original basic values are defined: the angle basic value
0, the voltage basic value Uy, the speed basic value wy, and
the inductance basic value Ly, as (8). The definitions of other
variable basic values must satisfy the following two conditions:

1) the basic values should have a magnitude of 1;

2) the mathematical relationship between the actual values

should be extendable to the basic values

On = 0,
Un = U ®)
WN = Wy

LN = Lmax - Lmin-

Therefore, based on (5), (6), and (7), the basic values for the
flux linkage Ay, the current I, and the inductance rising region
slope Ky can be derived as (9).

An =UnOn/wn
Iy =An/Ln =UNON/(wNLnN) 9)
Ky = LN/GN.

Therefore, the normalized values of various parameters can
be derived, including the normalized angle «, the normalized
aligned inductance b, the normalized unaligned inductance b',
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Fig. 3. Phase current and inductance waveforms of the SRM-QLNM.

and the normalized current I («) as (10), as well as the normal-
ized inductance rising region slope K* as (11).

OZZQ/QN
b= La/Ln
v ZLu/LN (10)
I(a) =i(0)/in
x (La_Lu>/95 Y
K= T =b-0. (11)

Based on Fig. 1, since the phase current of the SRM is
primarily distributed in the inductance rising region [0, 03], the
normalized phase current formula is simplified by shifting the
coordinate origin to s, i.e., @3 = 0, as shown in Fig. 3. During
generation operation, the phase current is primarily distributed
in the inductance decrease region [0, 05]. Therefore, to simplify
the normalized phase current formula, the coordinate origin
is shifted to 64 [30]. The horizontal axis represents the rotor
position normalized value «, and the normalized phase current
at the origin is /y.

Based on the Faraday’s law of electromagnetic induction,
and neglecting the voltage drop across power devices and the
winding resistance, the voltage balance equation is derived as

U(0) = dr(0)/dt = w,d[i(0)L(0)] /d6. 12)

By normalizing the parameters in (12), the voltage balance

equation under SRM-QLNM can be obtained as

U(a)da = d[AI,a)] =d[I(a)L(a)] (13)
where L(«) is the normalized phase voltage, A(I, ) is the
normalized flux linkage of the phase winding, and L(«) is the
normalized phase inductance.

Based on (4), the piecewise analytical formula of L(«) can
be represented as

v, A
W+ (b—b)a, B
L(a) = { b, C (14)
b—(b—-V)(a—agr), D
v, E.
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Fig. 4. Typical phase current waveforms of the SRM.

Substituting (14) into (13) and integrating both sides with respect
to «, the piecewise analytical formula of I(«) is derived as

e a € [aon, 0]
Tty o € [0, ao]

I(a) = § 736-57a a € [, 1] (15)
S a € [1,ag]
%, «a € [ag, a;].

The SRM’s operating modes can be classified based on the
phase current waveform into the nonchopping SPM (see Fig. 3),
chopping SPM (blue line in Fig. 4), and CCM (green line in
Fig. 4). Since the derivation of (15) does not consider current
chopping, it is only valid for the nonchopping SPM. The nor-
malized value of the reference current .. is defined as I, which
increases with the SRM’s speed and load, thereby allowing for
the assessment of the SRM’s operating conditions.

As shown in Fig. 4, when the SRM operates in CCM, the
normalized phase current in the interval [, aoff] is Ip. When
operating in the chopping SPM, the normalized phase current
in the interval [, 0] is Iy. Here, g is the normalized rotor
position where the phase current first reaches /. Based on (15),
« can be derived as

Qp = Iob/ + Q- (16)

Therefore, the analytical relationship between I(«) and I
can be derived, ensuring that I () is valid for all three operating
modes. In SPM, the normalized phase current formula in the
interval v € [0, cof] can be obtained by integrating both sides
of (13) with respect to «, as shown in (17). The final analytical
relationship between I («) and I is derived as (18).

alg =I(a) '+ (b—V)a] |5 (17)
o+ Iy (18)

1O

The SRM’s operating mode can be determined by the sign of
the derivative of I () with respect to avin (18). When I, satisfies
the condition in (19), I(«) will decrease, corresponding to SPM.
Conversely, it corresponds to CCM.

dI(a) UV — (b—=V)IpV

1
= <0=1Iy>——.
doe [0+ (b— b)) R

19)

From (15), it can be seen that I (<) depends on «, during the
demagnetization stage [, .]. By combining (15) and (18)
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Fig.5. Comparison between the SRM-QLNM (upper and right axes) and the nonlinear model (lower and left axes). (a) CCM. (b) Chopping SPM.(c) Nonchopping
SPM.

TABLE II
ROTATIONAL SPEEDS AND EXCITATION ANGLES CORRESPONDING TO EACH
OPERATING CONDITION

Parameters CCM chopping SPM nonchopping SPM
n/(r/min) 2000 6000 10000
(Bon, Oo) | (0°,19°) (0°,17°) (—0.75°,16.5°)

with the normalized phase current I at g, the analytical
relationship between «, and I can be obtained as

o — {aoff + Iy [b/ + (b — b/)aoff] , CCM

SPM. (20)

a5t + Lol

C. Validation of SRM-QLNM Accuracy

To validate the accuracy of the derived SRM-QLNM, com-
parisons between SRM-QLNM and the nonlinear model were
conducted under CCM, chopping SPM, and nonchopping SPM
modes for inductance, current, and flux linkage waveforms of
the phase winding, as shown in Fig. 5. The reference current was
set to 150 A with a hysteresis width of =5 A. The speeds n and
excitation angles (on, fofr) corresponding to the three operating
modes are listed in Table II.

According to (13), A(I, «) can be expressed in (21). For the
nonchopping segment within one electrical period, A (I, ) can
also be described by (22).

AMI,a) = L(a)I() @b
Ja—am, ac [aona aoff]
M, o) = a, —a, «€ oo, ol Y

As shown in Fig. 5(a) and (c), the SRM-QLNM exhibits
high consistency with the nonlinear model under the CCM and
nonchopping SPM. However, in the chopping SPM depicted in
Fig. 5(b), relatively large discrepancies are observed between
the SRM-QLNM and the nonlinear model in terms of phase

current and flux linkage. The red-shaded area highlights that
within the interval [ayg), 0], both L(«) and I () remain constant
in the SRM-QLNM, resulting in a steady A(I, «). In contrast,
due to chopping effects, A (4, §) continues to increase during this
interval. For o > 0, when the phase current no longer undergoes
chopping, the slopes of A (I, «) during its increase and decrease
remain unchanged as (22), consistently falling below A (i, 6).
Consequently, the corresponding normalized phase current I ()
and o, also exhibit smaller values.

III. OPTIMAL EXCITATION ANGLE ANALYSIS BASED ON
SRM-QLNM

Under the condition that the phase current reaches Iy, the
turn-ON angle 6, affects the phase current in the interval
a < 0, while the turn-OFF angle 6 influences the phase current
in « > 0. Therefore, the optimization processes for 6,, and G
are mutually independent.

A. Optimal Turn-OFF Angle Analysis

The turn-OFF ratio akon, 1S defined as follows, which describes
the ratio of the demagnetization time after the aligned position
normalized value ¢, to the total demagnetization time:

QKom = (az - aa)/(az - aOff) (23)
Qg = (1 —l—aR)/Q.

By substituting (20) into (23), the analytical relationships
between o and akeyn under CCM and SPM modes can be
derived as (24). a,f increases with aggy. To determine the
optimal turn-OFF angle normalized value i op, the optimal
turn-OFF ratio cegom_opt Must be identified.

ag—1 b/(]‘,a om)
T Tag: CCM

aq—Iob (1-akom
G- , SPM.

(24)

Qoff =
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To balance three key SRM performance metrics: torque per
ampere 1/, average torque T}y, and torque ripple AT [9],
a multiobjective function Fy; is defined as (25). T'/1 is of great
importance under all operating conditions. The influence of AT
on the motor is more obvious in CCM, while it is less significant
in SPM. Under SPM, increasing Ty, can improve the utilization
rate of the bus voltage. According to the optimization focus,
k1=0.5, k9=0.2, k3=0.3 have been used in CCM, while k;=0.5,
ko=0.4, k3=0.1 have been used in SPM.

T/I - (T/I)min Targ - (Targ)min

Fo i = k + k
& ! (T/I)max - (T/I)min 2 (Targ)max - (Targ>min
(AT) poxe — AT
AT e~ BT =

To ensure that the phase current reaches I, 6, is determined
by selecting cvg = —0.1 according to (16). The impact of differ-
ent agom values on three performance metrics under the same
operating condition (i.e., Ip) is analyzed. The normalized torque
per ampere (7'/1)nom, average torque (Tiye)norm. and torque
ripple (AT )porm are defined as follows:

(T/ Dporm = (T/1) | (T/ 1)y
(Tan)norm = Tan/ (T‘Wg)max
(AT). = (AT).. /AT

(26)

norm min

where (T'/I)max Tepresents the maximum torque per ampere
at the same [, while (Tm,g)maX denotes the maximum average
torque, and (A7), indicates the minimum torque ripple.

A comprehensive simulation of a.¢ was conducted using
a 12/8 three-phase SRM under various operating conditions,
iterating through Iy and agen to obtain the corresponding
(T/1)norms (Tavg Jnorms (AT )norm» and Fip, as illustrated in Fig. 6.
It can be observed that for all values of I, the maximum value
Of (Tavg )norm Occurs around akom = 0.65, which aligns with the
numerically derived result in [33]. When I < 1, reducing agom
enhances both (T'/1)norm and (AT )nerm, Which is also reflected
in the behavior of the multiobjective function Fyy;. For 1o > 1,
a decrease in ke leads to an improvement in (7'/1)porm-

In order to analyze the influence of different coefficients &,
k2, and k3 on the results of Fy,;, the influences of axom on T /1,
Tive, and AT under different Iy were respectively obtained, as
shown in Fig. 6. It can be found that these three performance
metrics all have good results when agem = 0.65. Therefore,
OKom_opt = 0.65 is defined based on the principle of maximizing
Fobj-

In summary, based on the SRM-QLNM, «ff opt in both
CCM and SPM is solely dependent on I as (27), and remains
continuous at the boundary between the two modes.

aa—0.351Y 1
e — J TF0.35Ip(b=0")" Iy < 55 @7
off _opt . —0.351b' I > 1
135 0~ pop-

B. Optimal Turn-ON Angle Analysis

As shown in Fig. 7, the inductance, current, and torque
waveforms of each phase under CCM (n = 3000 r/min, iy =
150 A) are presented. From the shaded region, it can be observed
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that the torque of the incoming phase (Phase A) increases
rapidly only when o > 0, resulting in the minimum value of
Tt Occurring near o = 0. According to (16), o determines
the value of a,. To minimize torque ripple, it is required that
ap < 0. As ag decreases, Ty, increases while T'/I decreases.
The multiobjective function values Fqy; for different values of
o within the interval [—0.14, 0] were evaluated under various
operating conditions (i.e., Iy), as shown in Fig. 8. It is observed
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Fig. 9. Influence of cg on Fipj under SPM operation.

that the oy value that maximizes Fy,; does not stabilize at a
fixed value across different I. This is due to the uncertainty
in current amplitude at the turn- OFF moment under current
chopping control, which further influences the phase current
amplitude in the demagnetization interval. The wider the loop,
the more significant this uncertainty becomes. The choice of
oo = —0.1 is acompromise, considering the different operating
conditions. Consequently, the analytical formula for the optimal
normalized turn- ON angle cvon_ope under CCM is derived as

Qon_opt = —0.1 = Ioh. (28)

As shown in Fig. 9, the SRM operates in SPM mode
(n = 8000, r/min, and 7, = 150, A), with different values of
oy yielding corresponding Fipj. Two maxima are observed at
ap = —0.077 and ag = —0.13, while two minima are located
at g = —0.08 and vy = —0.14. The phase current waveforms
corresponding to these four specific values of « are extracted
and presented in Fig. 10. It can be observed that the emergence
of these extrema is due to the differing phase current magnitudes
at the turning point of phase inductance (#3). This current
chopping inherently introduces uncertainty, making it difficult to
determine the optimal . Therefore, maintaining nonchopping
current ensures that Fyy; is maximized, which not only enhances
the overall performance of the SRM but also reduces switching
losses.

Based on (20) and (27), the analytical values of g and a,
are independent of « and thus remain constant. According to
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Fig. 10.  Phase current waveforms corresponding to the four special values of

ag. (a) ag = —0.077. (b) ag = —0.08. (¢) g = —0.13. (d) ap = —0.14.

Fig. 5(b), when oy < 0, the actual value of o, obtained from the
sampled phase current will be larger, resulting in an increased
actual agem as (23). Therefore, setting oy = 0 is necessary to
ensure that the single pulse phase current is not chopped, as
shown in Fig. 5(c). This condition leads to a, being equal to its
analytical value, namely axon = 0.65, enabling accurate anal-
ysis of the optimal turn-OFF angle. Consequently, the analytical
formula for oo ope under SPM can be expressed as

Qlon_opt = _-[Ob/~ (29)

In summary, based on the SRM-QLNM, v, ope under CCM
and SPM is solely dependent on [, with the analytical formula
given by

—0.1 - Ipl,
—Iob,

Io<1/(b—b)

b>1@m-b). OV

Qon_opt =

From the analytical formulas for the normalized excitation
angles oon_op and aufr_ope in (27) and (30), it can be observed
that as the SRG speed and load increase, [ increases, leading to a
decrease in both cion_ope and aifr_ope. The normalized conduction
angle o is defined by (31), increases with [ until it reaches
its maximum value of half a cycle, 37/2 [24]. At this point,
the minimum value of aon_op 1s determined by crofr_opr. When
Iy is relatively small, the maximum constraint for g ope 1S
approximately 1 due to the minimal torque generated in the
maximum inductance region. Therefore, the boundary constraint
conditions for aon ope and crofr ope are satisfied as expressed in
(32).

Qe = Qoff — Qon = (g + IOb/)/1'35 31
Qlon_opt Z Qloff_opt — 3T/2 (32)
Qloff_opt <1
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TABLE III
CHARACTERISTIC PARAMETERS OF THE 8/6 FOUR-PHASE SRM
Parameters Value
Stator pole arc angle 0g (°) 20.5
Rotor pole arc angle 6 (°) 23.5

the maximum inductance Lyax (mH) | 85
the minimum inductance Ly,iy (mH) 8.5
Saturation current Zgat (A) 3.1

C. Reference Current Compensation

From Fig. 5(c), it can be observed that when oy = 0, the
peak phase current is less than the reference current due to the
influence of fringing effect and back EMF in the low-inductance
region. To address this issue, Ding et al. [25] analytically ad-
justed the 6, from the perspective of magnetic flux to ensure
that the peak phase current reaches the reference current at the
inflection point #5. Under the condition that the reference current
remains unchanged, the minimum inductance L, is modified
to the inductance value L,,, corresponding to the position 65, as
expressed in the following equation:

Wy Ly lref

U (33)

eon,opt = 92 -
Since Ly, serves as a characteristic parameter of the SRM-
QLNM and is not easily altered, this study achieves the same
objective through reference current compensation, as illustrated
in Fig. 11. Based on (30), the implementation method involves
initiating the current earlier by reducing 6,,. The relationship
between the compensated reference current i/, and the original
reference current 7. is linear, as (34). It can be observed that the
reference current compensation coefficient k£ remains constant,
allowing for the estimation of coefficient k through a single
experiment to ensure that the peak phase current reaches the
reference value, thereby avoiding the need for measuring L., .

i;ef - irefLm/Lmin - irefk~ (34)
D. Accuracy Verification of the Analytical Formulas for the
Optimal Excitation Angles

To verify the accuracy and universality of the analytical
formulas for the optimal excitation angles, both the 12/8 three-
phase and 8/6 four-phase (characteristic parameters are provided
in Table III) SRMs were employed. The optimal excitation
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angles were obtained by traversing 6, and 0. based on the mul-
tiobjective function value Fyy,; using the finite-element method
(FEM) under different speeds n and reference currents 4..¢. These
results were then compared with those obtained through the
analytical method.

Fig. 12(a) and (b) shows the comparison of Oyt ope Obtained
from the analytical method and FEM. In the FEM, 6,, was set
according to (30) to ensure that the phase current peak reached
the reference value, while ¢ was traversed with an accuracy of
0.5° to obtain O, _op, as indicated by the black dots in Fig. 12.
The 3-D surface and its projection in Fig. 12(a) and (b) represent
the Oofr_opt Obtained through the analytical method. The results
reveal that both SRMs exhibit high consistency in 8ot op; across
all operating conditions for both methods. In addition, as n
and ircf increase, Oofr_opt decreases, confirming the accuracy and
universality of the analytical formula for O _op.

In SPM, 0on_op: Obtained by compensating the reference cur-
rent to i, enables the phase current to reach i at 65 without
chopping action, thus confirming the accuracy of the optimal
conduction angle. Therefore, it is necessary to compare the
analytical method and FEM results for 0, op in the CCM, as
shown in Fig. 12(c) and (d). Since « corresponds one-to-one
with 6,,, which indicates the position where the phase current
reaches the reference current, it is easier to analyze. In the
FEM, «a was traversed with a precision of 0.02 under different
n and iy, yielding 6, op, represented by the black dots in
Fig. 12. The 3-D surface and its projection in Fig. 12(c) and
(d) illustrate 0o op oObtained through the analytical method.
The comparison shows that the consistency of o, op Obtained
from both methods in the CCM is relatively low, attributed to
the uncertainties introduced by the current chopping control, as
detailed in Fig. 8. However, the error remains acceptable. As
n and i increase, Oon_ope decreases, further demonstrating the
accuracy and universality of the analytical formula for fo op;.

The optimal excitation angles analytical control block dia-
gram based on SRM-QLNM is shown in Fig. 13. The speed loop
outputs the reference current ..t through a proportional-integral
(PI) controller to control the phase current peak value. In SPM,
due to the influence of back EMF, the phase current peak value
cannot reach i, necessitating compensation of the reference
current to i n and i/ are detected in real-time, and the
SRM-QLNM converts them into the reference current normal-
ized value Iy. cvon_opt and crofr ope are obtained by substituting
into (27) and (30), respectively. Finally, the actual values of the
optimal excitation angles fo,_op and Gt op are derived through
denormalization, as (35). Oon_opts Oofr_opt> and i, are processed
and output as drive signals by the micro-control unit (MCU) to
control the high-performance operation of the SRM.

(35)

Gon,opl = aon,optes + 0y
eoff,opt = O‘off,optos + 0s.

IV. EXPERIMENTAL VERIFICATION

To further validate the accuracy of the proposed SRM-QLNM
and the analytical formulas of the optimal excitation angles, an
experimental platform was established, as shown in Fig. 14. The
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TABLE IV
CHARACTERISTIC PARAMETERS OF THE 12/8 THREE-PHASE EXPERIMENTAL
SRM

Parameters Value

Stator pole arc angle 65 (°) 15

Rotor pole arc angle 0 (°) 19

The maximum inductance Lmax (¢H) | 1700

The minimum inductance Ly, (H) 250

Saturation current isas (A) 46

characteristic parameters of the experimental 12/8 three-phase
SRM are listed in Table IV, differing from those of the simulated
SRM. An asymmetric half-bridge converter was employed with
the dc bus voltage Uy set to 48 V. The braking system utilized

ia 1) :
Actual © Normalized
‘«..vgl_lue vahp];, v

L(a)

ic

" 1000uH |

Fig. 15. Experimental waveforms of phase current and inductance. (a) CCM
at 1000 r/min and 6.8 N - m. (b) SPM at 2000 r/min and 6.5 N - m.

an induction motor in generating mode. Phase current signals
were collected via current sensors. The YXSP2000 controller
generated drive signals based on commands at the control fre-
quency of 10 kHz. These signals were processed by the complex
programmable logic device (CPLD) to implement hardware
current chopping.

Steady-state and dynamic experiments were conducted on
the experimental platform. The steady-state experiments were
divided into CCM and SPM, while the dynamic experiments
included startup and load mutation conditions.

A. Steady-State Experiments

The experimental waveforms of Phase A and Phase C cur-
rents, i 4 and ic, the normalized current I(«) of Phase A, and
the normalized inductance L(«), under the operating condition
of SRM at a speed of 1000 r/min and a torque of 6.8 N - m are
shown in Fig. 15(a). At this time, the operation mode is CCM,
with O, = 1.8° and O = 19.3°.

The experimental waveforms of i 4, i, I (), and L(«), under
the operating condition of the SRM at a speed of 2000 r/min
and a torque of 6.5 N - m are shown in Fig. 15(b). At this time,
the operation mode is SPM, with 6,, = 0.9° and 0, = 17°.

By comparing Fig. 15(a) and (b), it is observed that the consis-
tency between i4 and I(«) is high, confirming the accuracy of
SRM-QLNM under both CCM and SPM. The position where ¢ 4
first reaches the reference current i..r (50 A) occurs at 4° under
CCM and at 5.5° under SPM, aligning with the definition of the
optimal turn-ON angle. In both cases, akom = 0.65, confirming
the accuracy of the optimal excitation angles. Notably, under
SPM, to ensure that the peak value of i 4 reaches i..f = 60 A, the
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TABLE V
EXPERIMENTAL RESULTS COMPARISON
Mode | Method | Oon(°) | Oot(°) | m(%) | Tavg(N-m) | AT(%) | Fob;
Proposed 1.8 19.3 84 6.8 26 0.6
CCM
[25] 3.1 15.6 86 5.8 104 0.4
Proposed 0.9 17 90 6.5 75 0.6
SPM
[25] 0.9 134 91 5.3 148 0.4

reference current compensation coefficient is set to k = 1.15,
demonstrating the effectiveness of the reference current com-
pensation.

The experimental results based on the excitation angles ob-
tained from the proposed analytical formulas and the latest
study [25] are compared in Table V. In CCM, n = 1000 r/min
and i;er = 50 A;in SPM, n = 2000 r/min and i,y = 60 A. First,
the turn- ON angle is analyzed. In CCM, Ding et al. [25] set 6,
such that ag = 0, whereas proposed method sets ag = —0.1,
as shown in (30). Therefore, compared to [25], 6,, obtained
by proposed method is smaller. According to Fig. 7, appro-
priately reducing 6,, can, on one hand, utilize the transition
region between the minimum inductance and the rising region
to generate torque, thereby increasing Tye. On the other hand,
it can raise the composite torque valley value, thus suppressing
AT. Since the rate of change of inductance in this transition
region is small, resulting in lower torque generation efficiency,
the motor efficiency is slightly lower compared to [25]. In SPM,
Oon obtained by the proposed method is the same as that in [25],
with both being 0.9° as shown in Table V. This is because both
methods set aig = 0 to calculate 6,,.

Next, the turn- OFF angle is analyzed. The proposed method
defines o _op: to achieve akom = 0.65, while in [25], the con-
duction width is fixed at 12.5°. Therefore, compared to [25], O
obtained by the proposed method is larger, as shown in Table V.
As shown in Fig. 6, a smaller 6, corresponds to a smaller agop-
Therefore, 6,4 obtained by the proposed method results in a
larger average torque and smaller torque ripple compared to [25],
with efficiency not being significantly lower, and possibly even
higher.

According to Table V, while the proposed method exhibits
slightly lower efficiency 7 than [25] in both CCM and SPM,
it achieves significantly higher 7, and reduced AT, leading
to a greater multiobjective function value Fip;. Under CCM,
decreases by 2%, while T,, increases by 17% and AT decreases
by 78% . Under SPM, 1) decreases by 1%, while T}, increases
by 23% and AT decreases by 73% . The comparison of the
electromagnetic torque waveforms obtained using the proposed
method in CCM and SPM with those in [25] as shown in
Fig. 16(a) and (b), respectively. These results further confirm
the effectiveness of the optimal excitation angles derived from
SRM-QLNM.

B. Dynamic Experiments

As shown in Fig. 17(a), the experimental waveforms during
the startup process with a load torque of 6.5 N - m and motor
speed increasing from O to 2000r/min are presented. From
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mutation.

top to bottom, the waveforms include speed n, electromagnetic
torque 7., and average torque 7}y, turn-ON angle 6., and
turn-OFF angle Oy, turn-OFF ratio akem, phase current 74, and
compensated reference current ... The PI output saturation limit
and integral saturation limit are both set to 80 A, with antiwindup
integral control applied.

During startup, operation below 16501/min is in CCM,
transitioning to SPM above 16501/min. After stabilizing at
2000 r/min, the average torque equals the load torque, achieving
dynamic equilibrium. Both 6, and 6. are calculated in real-
time, adapting to variations in speed and load, and eventually
stabilize at (—1.2°,17°). akom remains approximately constant
at 0.65, validating the accuracy of the real-time calculation of
the optimal excitation angles.

As shown in Fig. 17(b), the experimental waveforms depict
the process where the motor speed stabilizes at 2000 r /min, and
the load torque increases abruptly from 5.5t0 6.5 N - mat 1.4s,
and then, decreases abruptly to 5 N - m at 3.5 s. Corresponding
to Fig. 17(b), n will drop when the load torque increases,
otherwise, n will rise. Using the analytical method, both 6, and
Oofr decrease with increasing load, ensuring that ak,y remains
approximately stable at 0.65. The excitation angles for three
different loads are indicated in Fig. 17(b). Compared to 0, 0o,
exhibits more significant variation. The accuracy and feasibility
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of the optimal excitation angles analysis were validated through
dynamic experiments.

V. CONCLUSION

To address the existing issues of complex structure, poor
generality, and the inability to simultaneously optimize the
torque per ampere, average torque, and torque ripple in
the analytical formulas of the optimal excitation angles for
the SRM, SRM-QLNM is proposed in this article. By normal-
izing various parameters, the challenges of SRM’s model com-
plexity and generality in the optimal excitation angle analytical
formulas are resolved. A multiobjective function is constructed
to summarize the law of the optimal excitation angles and derive
their analytical formulas. Considering the fringing effect and
back EMF in the low-inductance region, a compensation for the
reference current in the SPM is implemented to ensure that the

phas

e current peak value reaches the reference value. Through

theoretical analysis, simulations, and experimental validation,
the following conclusions are drawn:

1Y)

2)

[1]

[2]

[3]

[4]

[5]

[6]

To simplify the phase current analytical formula, four
original basic values are defined based on the traditional
SRM-QLM by relocating the coordinate origin to 65,
as (8). Accordingly, the parameters are normalized to
obtain the SRM-QLNM. The analytical formulas of the
optimal excitation angles derived from SRM-QLNM are
structurally simple and possess generality.

The optimal excitation angles for maximizing the multiob-
jective function value are derived by setting avkom = 0.65
for awfr_opt in (27) and selecting cg = —0.1 under CCM
and ag = 0 under SPM for avop_op in (30). Both expres-
sions depend solely on I. Finally, through inverse normal-
ization, the optimal excitation angles 6o, op; and Oy _op are
obtained. Compared to [22], a significant improvement in
Tive and AT was achieved at the cost of a slight reduction
in 7, facilitating an effective enhancement of the overall
performance of SRM across the entire torque—speed range.
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