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Abstract — To address the operational characteristics
of gravity energy storage systems, this paper proposes
an optimized design method for a switched reluctance
machine (SRM) suitable for a gravity energy storage
system. A novel 12/8 salient stator tooth structure is
introduced to enhance performance in both energy stor-
age and power generation modes. Four key optimiza-
tion objectives are defined: average torque and torque
ripple in the energy storage state, as well as genera-
tion power and efficiency in the power generation state.
The influence of structural parameters on these optimiza-
tion objectives is systematically analyzed and a multi-
objective optimization of the structural parameters is
conducted by the Multi-Objective Grey Wolf Optimizer
(MOGWO) algorithm. Finite element analysis (FEA) is
performed to evaluate the electromagnetic characteristics
of the optimized design. The results demonstrate that the
proposed SRM achieves superior performance compared
to the traditional 12/8 SRM, making it well-suited for
gravity energy storage applications.

Index Terms — Gravity energy storage, motor and gen-
erator, multi-objective optimization, switched reluctance
machine.

L. INTRODUCTION
Energy storage technology plays a pivotal role in the
renewable energy sector, as it helps address the inter-
mittency and instability of renewable energy sources
while enhancing energy utilization efficiency. Compared
to other energy storage methods, gravity energy stor-
age offers significant advantages, including site flexi-
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bility, environmental friendliness, high storage capacity,
long cycle life, zero self-discharge rate, deep discharge
depth, fast response time, and high efficiency, making
it a promising form of green energy storage. Accord-
ing to reports from international sources, the main con-
figurations of gravity energy storage systems currently
include piston-based gravity energy storage, mine shaft
suspended gravity storage, tower crane-based concrete
block energy storage, and mountain railway gravity
energy storage [1-3]. Among these, mine shaft sus-
pended gravity storage stands out for its technical advan-
tage of repurposing abandoned resources while address-
ing energy supply-demand imbalances, offering broad
application prospects.

The gravity energy storage motor is the core com-
ponent responsible for the conversion of electrical
energy and gravitational potential energy. In motoring
or energy storage state, it stores gravitational potential
energy and, in generating or the power generation state,
it releases gravitational potential energy. Its performance
directly determines the overall efficiency of the energy
storage system. Compared to conventional industrial
motors, energy storage motors face stricter technical
requirements, such as high power and torque densities,
maintaining high efficiency over a wide operating range,
delivering high torque at low speeds, frequent heavy-load
starts, high reliability, and excellent performance in both
motoring and generating states. As a rare-earth-free
motor technology [4-7], switched reluctance motors
(SRMs) are particularly well-suited for applications
with high-inertia operating conditions involving gravity
energy storage systems. Since SRMs have the advantages

https://doi.org/10.13052/2025.ACES.J.400904

1054-4887 © ACES


https://doi.org/10.13052/2025.ACES.J.400904

of high starting torque, low starting current, the ability to
handle frequent heavy-load starts, a broad high-efficiency
range, and inherent structural reliability, this paper
focuses on applying SRMs in gravity energy storage.

To improve the performance of conventional SRMs,
researchers frequently optimize motor structures, materi-
als, and geometric parameters [8—11]. Specifically, sub-
stantial progress has been made in enhancing SRMs
through innovative designs of stator and rotor struc-
tures. A 6/4-pole three-phase SRM featuring uniquely
skew-angle rotor poles combined with sinusoidal torque-
sharing control was proposed and simulated in [12].
Prasad et al. [13] introduced a linear SRM tailored for
high-speed transportation systems with dual teeth on
each stator pole to enhance thrust and analyzed its force
ripple reduction effectiveness with finite elements. Li et
al. [14] developed an axial dual-rotor segmented SRM
with a new rotor profile, where rotor segment geom-
etry was optimized to boost performance. A hollow-
tooth rotor structure for a 6/2-pole SRM was designed
in [15], effectively extending its acceleration range. Ma
et al. [16] improved SRM vibration and noise issues
by introducing rectangular slots at the stator tooth tips
and optimizing the slot geometry to reduce radial forces.
A magnetic decoupled dual-stator SRM with U-shaped
segmented structures in both inner and outer stators was
proposed in [17], and prototype experimental results
confirmed the design’s feasibility and performance ben-
efits. Upadhyay and Ragavan K. [18] proposed an asym-
metric stator pole design with slanted pole tips to achieve
self-starting capability in both rotational directions. Diao
et al. [19] designed and optimized a new SRM with dif-
ferent stator yoke widths to reduce saturation and unnec-
essary cores and improve torque density.

To tackle the challenges of low power density and
efficiency in traditional SRMs, which do not consider
both motoring and generating performance when design-
ing, this paper enhances the comprehensive performance
of the gravity energy storage SRM by modifying tooth
structure and proposing optimization metrics and meth-
ods that simultaneously address energy storage and
power generation stage. In section II, the novel gravity
energy storage system and the traditional SRM initial
design are introduced. The design of novel SRM suit-
able for gravity energy storage is presented in section III.
In section IV, static electromagnetic characteristic and
dynamic characteristic under energy storage stage and
power generation stage are carried out. This paper is con-
cluded with section V.

II. NOVEL GRAVITY ENERGY STORAGE
SYSTEM AND MACHINE INITIAL DESIGN
The structure of the energy storage system proposed
in this study is shown in Fig. 1. A single mine roadway
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Fig. 1. Structure diagram of energy storage system for
multi-energy storage motor in single well.

incorporates multiple energy storage motors, enabling
coordinated control of these motors to ensure smooth
and efficient operation of the motoring and generating
modes. Throughout the operation of the mine track sys-
tem, the speed trajectory of individual motors varies, and
the speeds of the motors within a single roadway need
to be coordinated to collectively achieve peak shaving,
rapid response, and grid-friendly interaction functionali-
ties for the gravity energy storage system. Figure 2 gives
the storage block force analysis diagram under different
stages. In energy storage stage, the force F; is analyzed
as

Fy=mg+f, (D
where m is the mass of the block, g is the gravitational

acceleration and f is the friction force during its ascent.
The power of the motor P, is

Py = Fyvup = (mg+f)vttp7 )

where v, is the ascent speed.
In power generation stage, the reverse force F is

F,=mg—f. 3)
Fu F,
T /
W qu l Vdown
l v
A
mg mg
(a) (b)

Fig. 2. Storage block force analysis diagram under differ-
ent stages: (a) energy storage stage and (b) power gener-
ation stage.
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The power of the generator P, is
Pg = ngdowna @
where v, 1s the descent speed.

Based on the operating speed and power require-
ments in the motoring stage and the operating speed and
power output in the generating stage, the design require-
ments for the motor can be determined. For this study,
considering the large size and power of actual gravity
energy storage systems, a prototype motor is designed.
The motor has a rated power of 1.8 kW, a rated volt-
age of 96 V, and a rated speed of 1500 r/min. The initial
dimensions of a conventional 12/8 SRM are calculated
and summarized in Table 1, and the relevant structural
parameters are illustrated in Fig. 3.

Table 1: Specifications range of SRM

Parameters Symbol Values
Stator outer diameter Dy, 180.0 mm
Stator pole length Ds 20-30 mm
Stator yoke length Vs 9.9-19.9 mm
Stator pole angle By 10.0-18.0°
Rotor outer diameter D,, 99.0 mm
Rotor inner diameter D,; 30.0-50.0 mm
Rotor pole length Dr 14.0-20.0 mm
Rotor yoke length Vr 9.5-15.5 mm
Rotor pole angle B, 9.0-17.0°
Air gap length g 0.6 mm
Number of turns per slot N 12-16
Stack length L 150.0 mm

Fig. 3. Structure parameter diagram of three-phase 12/8
switched reluctance machine.
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III. DESIGN OF NOVEL SWITCHED
RELUCTANCE MACHINE SUITABLE FOR
GRAVITY ENERGY STORAGE
A. Structure of the salient-pole SRM suitable for

gravity energy storage

Assuming that the gravity energy storage SRM oper-
ates in energy storage stage during forward rotation, the
rising region of the motor’s inductance is utilized, as
shown in Fig. 4 (a). Conversely, during reverse rotation,
the motor operates in the power generation stage, utiliz-
ing the falling region of the inductance, as illustrated in
Fig. 4 (b). The inductance L is calculated as

L=2, (5)
where v is the flux linkage and i is the current.

From Fig. 4, it can be observed that in the motor-
ing state, the inductance in the turn-on interval should
be minimized, while it should be maximized in the turn-
off interval to produce a larger electromagnetic torque.
In the generating state, the inductance during the turn-
on interval should also be as low as possible to quickly
establish the excitation current, while it should be as

Rotation direction
Turn off - »

region |
|
o i T mi
1 I Rotor

Turn on
region
Stator

|
L) 4 | :
1 ]
P |
|
v I
\ P I
v I
: : [N L [
61 0 62 63 Ha 54 g
(a)
Rotation direction
Tm‘g on Turr} off - »
region region |
| I .
L Tur T star

1 I Rotor

|

Lo) 4 | :

N l

P I

\_ P |

i ] P |
| i [ ; >
610 62 636a64 6

(b)

Fig. 4. The relationship between the turn-on angle, the
turn-off angle and the inductance under different stages:
(a) energy storage stage and (b) power generation stage.



high as possible during the turn-off interval to slow
the current’s decline, thereby generating more power.
Based on the above analysis, the stator tooth shape can
be optimized to modify the variation characteristics of
the inductance with position, meeting the performance
requirements of the motor in both motoring and gener-
ating states. Therefore, a novel gravity energy storage
SRM is proposed in this paper, in which the three-phase
12/8 configuration is shown in Fig. 5 and the stator fea-
tures a salient-pole design.

| Zoomup |

Fig. 5. Structure diagram of the new gravity energy stor-
age switched reluctance machine.

B. Multi-objective optimal design suitable for gravity
energy storage SRM

In the energy storage stage, the system must provide
sufficient torque to lift the weights with minimal torque
ripple to reduce mechanical impact and enhance the reli-
ability. In the power generation phase, it must achieve
high energy conversion efficiency and sufficient generat-
ing power. To meet the requirements of a gravity energy
storage system in both motoring and generating stages,
the average torque T,y and torque ripple 7, are selected
for the energy storage state, and the power generation P,
and power generation efficiency 1), are selected for the
power generation state as the optimization objectives for
the design of the gravity energy storage SRM. The torque
ripple T could be defined as

T, = Tmax — Tinin 7 (6)
Tavg

where Tiax and T, are the maximum and minimum
torque respectively. The generating efficiency 1, could
be obtained as

Y (7)
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where Ppech is the input mechanical power in the power
generation state.

To meet these dual performance demands, besides
fixed values for air gap length g, stator outer diameter
Dy,, and rotor outer diameter D,,, the design optimizes
other parameters including stator pole angle By, rotor
pole angle B,, stator pole length p;, rotor pole length p,
and rotor inner diameter D,;. An optimization process
combining sensitivity analysis (SA), response surface
(RS) modeling, and a Multi-Objective Grey Wolf Opti-
mization (MOGWO) algorithm is proposed to address
the multi-objective optimization problem of the gravity
energy storage SRM.

The SA assesses the impact of each optimiza-
tion parameter on the objective functions, revealing the
parameters with the greatest contribution to system per-
formance. A sensitivity index is used to quantify the
influence of design variables on optimization objectives,
expressed as

_ o A

n; dz; NOP f ~ Zi/Zi s

where f is the optimization objective function and z; rep-
resents the optimization variable.

Weight coefficients are introduced to evaluate four
sensitivity indices comprehensively and optimize perfor-
mance for both motoring and generating states. A com-
prehensive sensitivity index G(n;) is defined as

G (ni) = 01 |St,y, | + @2 [S7;| + @3 Sp, |+ 04 |Sp, |, (9)

where Stavg, STr, SPo, and Sy, are sensitivity indices for
Tavg, Ty, Py, and 1My, respectively. The weight coeffi-
cients @1, W7, W3, and @4 satisfy w1+ 0y + 03+ w4 =1,
with all weights set to 0.25 in this paper.

Through single-parameter scanning finite element
analysis (FEA) of the optimization parameters, the abso-
lute values of sensitivity indices and the comprehensive
sensitivity indices for the four optimization objectives
are obtained and shown in Table 2. To visually repre-
sent the sensitivity of each variable, the data is displayed
in Fig. 6. The greater the absolute value of the sensitiv-
ity of a design variable, the more significant its impact
on the optimization objectives. From Table 2 and Fig. 6,
it can be observed that By and B, are the design vari-
ables with comprehensive sensitivity indices exceeding
0.25, classified as significant variables since their great-
est impact is on the performance of the SRM. The other
three parameters, p;, p,, and D,;, have smaller sensitiv-
ity indices, classified as insignificant variables. Local SA
is limited to the changes of local variables and does not
apply to the global range. Significant variables require
further optimization, while insignificant variables can be
fixed at their optimal values by a single-parameter scan-
ning method. Consequently, the insignificant variables
are set as constants: ps is 24.6 mm, p, is 19 mm,and D,;

®)
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Table 2: Sensitivity indices of design parameters

Variables | [Stag| | [S7r| | [Spo| | [Snel | Gy
B, 0.1894 | 0.4950 | 0.2554 | 0.1834 | 0.2808
B 0.2108 | 0.8580 | 0.2722 | 0.0756 | 0.3541
Dr 0.0103 |1 0.0171 | 0.0207 | 0.0014 | 0.0124
Ds 0.0874 |1 0.0385 | 0.0958 | 0.0476 | 0.0673
D,; 0.0002 | 0.0001 | 0.0010 | 0.0008 | 0.0005
1.0
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Fig. 6. Sensitivity indices of variables to the optimization
objective.

is 35 mm, which will not be treated as design variables
in the subsequent optimization process.

RS analysis, by constructing mathematical models,
effectively reduces the number of experiments, quantita-
tively evaluates the interactions between design variables
and reveals nonlinear relationships, which can be used in
motor parameter optimization to predict objective func-
tion values, optimize parameter combinations, and sig-
nificantly improve optimization efficiency and accuracy.
For the two significant variables of the SRM, the Cen-
tral Composite Design (CCD) experimental method is
employed. CCD enhances the ability to capture interac-
tion effects between parameters within the design space
by adding center points and axial points, providing more
precise model predictions and efficiently fits the RS
model with fewer experimental runs. To obtain the opti-
mal values of the two significant variables By and B,, a
CCD RS analysis is applied and its variable levels are
shown in Table 3.

Table 3: CCD response surface analysis variable levels

. Levels
Variables 0 1 | 1414
B, (deg) | 13.586 | 14.0 | 150 | 16.0 | 16414
B, (deg) | 12.586 | 13.0 | 14.0 | 150 | 15414

The CCD experimental scheme included 13 differ-
ent combinations. The motor output performance con-
ducted by FEA corresponding to each experimental point
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is recorded. Using Design-Expert, the simulation results
of the sampled points are analyzed and a quadratic
regression function is fitted for the design variables and
the four optimization objectives, resulting in the RS
models shown in Fig. 7. The P-values of all four CCD
RS experiments are less than 0.05, indicating that the
two variables have a notable impact on the optimization
objectives. Furthermore, the multiple correlation coeffi-
cients R? are all greater than 0.98. The closer the R? value
is to 1, the better the model fits the motor performance.
These results demonstrate that the RS is well fitted and
the experiments are reasonable.

The MOGWO algorithm is an evolutionary algo-
rithm inspired by the hunting behavior of grey wolf
packs. It simultaneously considers multiple objective
functions and introduces an external population, known
as the Archive, to store non-dominated optimal solutions
while eliminating numerous similar solutions. A leader
selection strategy is used in MOGWO, where leaders are
chosen from the Archive for guiding the hunting process,
ultimately converging to a set of optimal Pareto front
solutions. In this paper, MOGWO is used to further opti-
mize significant variables to achieve optimal SRM per-
formance, with the initial population and Archive popu-
lation sizes set to 100 and iterations set to 50.
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Fig. 7. Response surface of (a) Tavg, (b) Tr, (c) Po, and
(d)ng.

The Pareto solution set obtained is shown in Fig. 8,
where Fig. 8 (a) illustrates the optimal solution space dis-
tribution based on T4y, Py, and 71, and Fig. 8 (b) shows
the distribution based on T,, ,T,, and n,. After filter-
ing out some unreasonable points, three superior solu-
tions are selected from the set based on the performance
requirements of the gravity energy storage system, and



the performance of three optimized points is listed in
Table 4. A comparison reveals that although Design 1
has the lowest torque ripple, its power output and effi-
ciency in the generating mode are relatively low. Designs
2 and 3 exhibit better overall motor performance. Ulti-
mately, Design 2 with superior performance is chosen as
the optimal size design. The values of the two significant
variables in the optimal design are B, as 15.27° and B,
as 12.84°.

Fig. 8. The Pareto fronts obtained by MOGWO of opti-
mization objectives: (a) Tayg, Py, and 1, and (b) Ty,
T, and 1.

Table 4: SRM performance of selected optimal designs

. Initial | Design | Design | Design
Variables Design 1 g 2 g 3 g
B, (deg) 14.0 13.52 15.27 14.79
B, (deg) 13.0 14.11 12.84 13.04
Tae (Nm) | 20.247 | 20.431 | 20.419 | 20.416
T, (%) 165.09 149.48 | 153.07 | 153.56

P, (W) 1835.55 | 1853.96 | 1904.44 | 1900.04
N, (%) 81.290 | 81.710 | 82.996 | 82.595

IV. SIMULATION RESULT

A. Static characteristic analysis

Based on the optimized dimensions obtained
through multi-objective optimization, a finite element
model of the SRM is constructed and its electromagnetic
performance is analyzed. Figure 9 illustrates the mag-
netic density distribution at the unaligned and aligned
positions when a 30 A current is applied to the A-phase
winding. At the unaligned position, the magnetic density
of the stator and rotor poles is approximately 0.15 T, and
at the minimum air gap of the stator salient teeth the flux
value decreases to 0.05 T, confirming the flux cancella-
tion effect at the unaligned position. At the aligned posi-
tion, the stator and rotor poles are aligned, with a flux
density of about 1.2 T. At the stator’s minimum air gap,
the flux value slightly increases to around 1.4 T.

The static electromagnetic force curves for the A-
phase as the current increases from 10 A to 100 A are
presented in Fig. 10 (a). Across different current lev-
els, the trend of static electromagnetic force varying
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(a) (b)

Fig. 9. Magnetic density distribution diagram of the
SRM: (a) unaligned position and (b) aligned position.

with the rotor position remains consistent, and the force
increases with higher current. Figure 10 (b) depicts the
self-inductance curves of the A-phase winding as the cur-
rent rises from 10 A to 100 A. Due to magnetic satura-
tion, the inductance decreases with increasing current at
aligned positions, and the minimum inductance is almost
equal at the unaligned position. At 100 A, the maximum
inductance is 1.25 mH and the minimum inductance is
0.38 mH. At 10 A, the maximum inductance is 3.08 mH,
while the minimum inductance is 0.38 mH, resulting in
a non-saturation maximum-to-minimum inductance ratio
of 8.11.
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Fig. 10. Static characteristic of SRM: (a) torque charac-
teristic and (b) inductance characteristic.

0 5 10 15 20 25 30 35 40 45
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B. Dynamic characteristic analysis
1. In the energy storage stage

To verify the dynamic performance of the SRM,
simulations are conducted by MATLAB/Simulink. In the
energy storage stage, the motor speed is set to 1500 r/min
and the conduction angle is set to 0-15°. The motoring
current and torque waveforms of angle position control
are given in Fig. 11. The maximum torque is 31.09 Nm,
the minimum torque is 5.58 Nm, the average torque is
19.41 Nm and torque ripple is 131.43%.

2. In the power generation stage

The generating current and torque waveforms of
angle position control are given in Fig. 12. The speed
is set to 1500 r/min, and the generator is controlled to
turn-on at 25° and turn-off at 35°. From Fig. 12, the aver-
age torque of the generator is 15.15 Nm. The generating
power is the difference between the power of the power

836



837

120 40

< 230

é 80/\ EZOWN\/\/\/\
40 £

6 0 [510

0.465 0470 0475 0.480 O(.)465 0470 0475 0.480
Time (s) Time (s)

Fig. 11. Current and torque waveforms of the motor in
electric state.
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Fig. 12. Current and torque waveforms of the motor in
generate state.

generation phase and the power of the excitation phase,
which yields a generating power of 2075 W and a power
generation efficiency of 87.2%.

C. Comparison with traditional SRM

To verify the superiority of the proposed salient sta-
tor tooth 12/8 structure SRM, a comparison is made with
the traditional structure SRM. Except for the different
tooth shape of the stator, the remaining dimensions of
the traditional SRM are identical to those of the proposed
SRM with the optimal structure.

The inductance characteristics of the traditional
SRM are tested. When the phase A current is 10 A, the
maximum inductance is 2.42 mH, the minimum induc-
tance is 0.38 mH, and the maximum-minimum induc-
tance ratio is 6.37, while the maximum-minimum induc-
tance ratio of the proposed SRM under the same condi-
tions is 8.11. Thus, the proposed SRM has a larger max-
imum to minimum inductance ratio under unsaturated
currents.

Comparison of the performance of the two motors
is given in Table 5. It can be seen that the average
torque and power generation of the salient stator tooth
structure SRM are significantly improved compared to
the traditional SRM, which confirms the superiority of
employing the proposed novel structure SRM as an
energy storage machine.

Table 5: Performance comparison of two SRMs

Performance | Traditional SRM | Proposed SRM
T4yg (Nm) 18.339 20.419
T, (%) 154.186 153.07
P, (W) 1641.927 1904.440
Mg (%) 81.711 82.996
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V. CONCLUSION

In this paper, a salient stator tooth 12/8 structure
SRM that can realize high performance is designed for
gravity energy storage. Four design evaluation indica-
tors are proposed, which include average torque and
torque ripple under energy storage conditions, as well
as power generation efficiency and power generation
capacity under power generation conditions. A multi-
objective optimization design is then conducted, improv-
ing the performance compared to the initial design. The
static electromagnetic and dynamic characteristics under
energy storage stage and power generation stage are
carried out. The simulation results show that the novel
machine structure and optimization design method pro-
posed in this paper are effective, which has certain ref-
erence significance for the design of energy storage
machine.
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