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Abstract: High torque density motors are widely used in humanoid, wearable, and rehabilitation robots due to 

their ability to reduce gear ratios, enhance back-drivability, and enable compact and efficient joint actuation. 

However, their inherently high back-EMF limits speed performance, and safety regulations restrict operating 

voltage to below 50 V in human-interactive environments. To address these challenges, we propose two inno-

vative winding strategies—Parallel Connected Winding (PCW) and Open-End Winding (OEW)—and evaluate 

their combined implementation as a Parallel Open-End Winding (POEW) configuration. PCW reduces winding 

resistance and inductance by implementing two parallel winding paths, which also decreases back-EMF. OEW 

removes the neutral point and allows full voltage application to each phase. The combined POEW configuration 

achieves up to 3.5 times higher speed experimentally compared to conventional SCW, without any modification 

to the motor’s rotor or stator. Experimental torque constant measurements confirmed that all proposed winding 

configurations maintain torque output, with no significant variation. Although the motor constant slightly de-

creases in parallel configurations due to increased current and heat, the improvement in speed performance is 

significant. Therefore, the POEW topology provides a practical and effective solution for enhancing motor per-

formance under voltage-limited conditions, especially in applications requiring both high torque and speed. 

Keywords: high torque density motor; parallel connected winding; series connected winding; Y-connection; 

open-end winding; parallel open-end winding; robot actuator; motor controller 

 

1. Introduction 

The utilization of high torque density motors has emerged as a significant technological trend in 

the contemporary robotics industry. Across diverse application domains including humanoid robots, 

walking robots, rehabilitation robots, and wearable robots, high torque density motors offer several 

critical advantages. Primarily, high torque density motors substantially enhance back-drivability by 

enabling the reduction of gear ratio or, in certain instances, the complete elimination of reduction 

gears. This characteristic is particularly essential in collaborative robots and rehabilitation robots that 

require physical human-robot interaction. Enhanced back-drivability facilitates intuitive, natural, 

and safe interactions with external environments or humans by enabling compliant joint responses 

in unexpected collisions, while high torque density motors further contribute to superior control pre-

cision and overall system reliability [1]. The reduction in gearing stages diminishes nonlinear ele-

ments such as backlash, friction, and hysteresis, thereby enabling more accurate position and force 

control. Additionally, the decreased nonlinearity from reduction gears improves the accuracy of 

torque estimation through motor current. This can offer a significant advantage in that precise torque 

control is achievable without additional torque sensors, suggesting the potential for reducing overall 

system costs and simplifying the mechanical structure. 

The implementation of high torque density motors can effectively reduce the volume and weight 

of robotic systems, thereby decreasing the overall system inertia and improving energy efficiency. In 

humanoid and wearable robots, this weight reduction directly translates to extended battery life and 

enhanced user comfort. Moreover, by reducing the overall manufacturing costs of robots, high torque 
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density motors present potential solutions to various challenges currently faced by robotic technol-

ogy [2–6]. 

However, conventional high torque density motors inherently generate high back-electromotive 

force (back-EMF) due to their structural characteristics, which inevitably leads to limited speed per-

formance. Despite this limitation, many robotic applications demand not only high torque density 

but also high-speed operation. For instance, humanoid robots during walking motions and industrial 

collaborative robots performing rapid movements require both high torque and high speed. A tradi-

tional approach to overcoming this limitation involves increasing the supply voltage for motor oper-

ation. A higher voltage allows a greater usable voltage per phase, which can handle the increased 

back-EMF and thus enable higher-speed operation. However, this voltage-boosting strategy entails 

several drawbacks, including increased system complexity, safety concerns, and higher costs. In par-

ticular, robotic systems involving direct human interaction—such as wearable or rehabilitation ro-

bots—are subject to strict safety regulations. According to international safety standards (e.g., IEC 

60335), the operating voltage of systems in contact with the human body is generally limited to below 

50V, in order to mitigate potential hazards during physical interaction [7]. Consequently, such robot 

systems typically employ battery configurations with a maximum of 48V [8,9]. This voltage constraint 

poses a direct limitation on enhancing the speed performance of high torque density motors. There-

fore, improving the speed characteristics of these motors under the 50V safety limit, without altering 

the mechanical configuration, remains a significant challenge. Due to these limitations, there are cur-

rently applications in the robotics field where the use of high torque density motors—despite their 

importance—is not feasible. Therefore, this study proposes two innovative winding techniques 

aimed at enhancing the speed performance of high torque density motors while maintaining their 

torque characteristics under a limited supply voltage of below 50V and analyzes the synergistic ef-

fects arising from their combination. 

The first technique is the PCW (Parallel Connected Winding) configuration approach. This 

method reconfigures the conventional SCW (Series Connected Winding) configuration into a parallel 

topology, effectively reducing the equivalent phase resistance and inductance. The reduction in these 

parameters minimizes voltage drop, thereby increasing the usable voltage per phase. Furthermore, 

the parallel configuration lowers the back-electromotive force (back-EMF) to approximately half at 

the same rotational speed, which enables the motor to achieve a higher maximum speed under the 

same voltage conditions. In addition, the decreased resistance and inductance result in a lower elec-

trical time constant, improving the motor’s dynamic response. Theoretically, this enables the motor 

to deliver up to twice the output power compared to a conventional SCW, while preserving the in-

herent torque characteristics of a high torque density motor. 

The second technique involves the application of the Open-End Winding (OEW) configuration. 

Conventional BLDC motors typically adopt a SCW, in which the neutral point is shared and the mo-

tor operates under a two-phase conduction mode, resulting in only half of the supply voltage being 

applied to each phase. In contrast, the OEW eliminates the neutral point and enables independent 

control of each phase, allowing the full supply voltage to be directly applied to every phase. This 

configuration modification significantly improves voltage utilization and, under the same voltage 

conditions, can theoretically achieve up to a twofold enhancement in speed performance compared 

to the SCW [10]. 

The primary contribution of this study is the proposal of a novel Parallel Open-End Winding 

(POEW) configuration, which integrates the previously described PCW and OEW techniques to en-

hance the speed performance of high torque density motors under 50V-limited robotic systems. By 

combining the twofold speed improvement of the PCW method and the twofold improvement of the 

OEW, the POEW approach theoretically achieves up to a fourfold increase in maximum rotational 

speed. POEW is expected to effectively overcome the speed limitations of high torque density motors 

in voltage-constrained environments, thereby meeting various operational demands of robotic appli-

cations. Moreover, since the POEW requires no changes to the physical configuration of the stator or 

rotor, but only a modification in the winding method, it can be implemented with minimal structural 

alteration. Therefore, the proposed POEW-based motor is particularly advantageous in applications 

where both torque and speed performance are critical, such as wearable robots and collaborative 

robots. The proposed motor is visualized in Figure 1, and its dynamic characteristics are summarized 

in Table 1. Notably, the transition from a series-connected to a parallel-connected winding 
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configuration results in only an 8 g increase in total motor mass, demonstrating the practicality of the 

proposed configuration modification. 

 

Figure 1. Developed motor. 

Table 1. Developed motor characteristic parameters (SCW BLDC motor). 

Phase Resistance 

[�] 

Torque Const. 

[��/�] 

Nominal Torque 

[��] 

Torque Density 

[��/kg] 

Weight 

[g] 

No Load Speed 

[RPM] 

Power 

[W] 

0.55 0.32 2.2 3.78 582.4 1400 [48V] 280 

2. Designing of Motor and Drive System 

2.1. Designing of Motor 

2.1.1. Governing Equations of Motor 

The three-phase BLDC motor exhibits identical forms of governing equations regardless of the 

winding connection topology. Therefore, the dynamic characteristics of various connection methods 

can be systematically compared and analyzed. In this study, the governing equations describing mo-

tor behavior are defined as follows: Equation (1) represents the voltage equation of the motor. Equa-

tion (2) defines the stator resistance based on the winding method. Equation (3) expresses the stator 

inductance based on the winding method. Equation (4) denotes the magnitude of the back-electro-

motive force (back-EMF). Equation (5) defines the back-EMF constant according to the number of 

series turns per phase. Equation (6) presents the three-phase back-EMF waveform equations [11,12]. 

�� �  
��� 
  ��
��
�� 
  ��  (1) 

 


� �  � �������
���� ���!�  � 

 (2) 

 

�� �  " �#������$
�$

 (3) 

�% �  &%'% (4) 

 

&% �  ()*+�%Φ (5) 

 

�+ �  �% sin0ω%234 , �6 �  �% sin 7ω%23 
  89
: ; , �3 �  �%sin 0ω%23 < 89

: 4 (6) 

In Equation (1), �� represents the voltage of each phase (n = a,b,c), 
� is the phase resistance, 

�� is the phase current, En is the back-EMF. In Equation (2) � denotes the resistivity of the conduc-

tor, = is the total length of the coil, ()*+�%  is the effective number of series turns per phase, >3?@� is 

the cross-sectional area of the coil, and ()+A+��%� is the number of parallel paths. In Equation (3), �� 

is the phase inductance, " is the magnetic permeability, >B is the cross-sectional area of the mag-

netic path, and =B is the magnetic path length. In Equation (4), �% represents the peak amplitude of 

the back-EMF, &% is the back-EMF constant, and ω% is the electrical angular velocity. In Equation 

(5), Φ denotes the magnetic flux. Equation (6) describes the three-phase sinusoidal back-EMF 
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waveforms, where each phase is shifted by 120 degrees where 23 denotes the time variable aligned 

to the electrical angle reference frame. 

2.1.2. Series Connected Winding 

The SCW is illustrated in Figure 2a, and the corresponding two-phase conduction system is il-

lustrated in Figure 2b. In this configuration, two phases are simultaneously energized by a single 

voltage source. The mathematical model of the two-phase conduction system is given as follows [13–

15]. 

VD �  VE <  2REII 074 

VD �  |EM < EN| 084 

�  VP Qsin 0ωPtN 
  2π
3 4 < sin 0ωPtN < 2π

3 4Q 094 

�  VP√3 QcoswPtNsin 2π
3 Q 0104 

�  kPωP√3 QcoswPtNsin 2π
3 Q 0114 

�  N^_`EPΦωP√3 QcoswPtNsin 2π
3 Q 0124 

In Equation (7), Vu denotes the usable voltage considering the voltage drop across the winding 

resistance, and Vs represents the supply voltage applied to the motor. Equations (8)–(11) derive the 

motor’s saturation speed based on the back-EMF relationship. The motor speed reaches saturation at 

the electrical angular velocity ωP that satisfies Equation (11). Equation (12) illustrates the influence 

of the number of series-connected turns on the motor’s speed limitation [16]. 

 

 

(a) (b) 

Figure 2. (a) Equivalent circuit of SCW BLDC motor; (b) Conduction system of SCW BLDC motor (two-phase 

conduction). 

2.1.3. Parallel Connected Winding 

The schematic of the proposed PCW is illustrated in Figure 3(a), which consists of two parallel 

Circuits. The associated two-phase conduction system is illustrated in Figure 3(b) that is identical to 

that used in the conventional SCW. A key feature of the proposed PCW topology is that it maintains 

the same total number of turns as the conventional SCW while utilizing two parallel current paths. 

This effectively reduces the number of series-connected turns per phase (()*+�%4 by half. As de-

scribed by Equation (2), a reduction in ()*+�%  along with a doubling of the number of parallel 

branches (()+A+��%�) leads to a substantial decrease in phase resistance (
�), theoretically reducing it 

to one-fourth of the original value. Similarly, according to Equation (3), the phase inductance (��), 

which is proportional to the square of the number of turns, is reduced to approximately one-eighth 

when ()*+�% is halved. These reductions in both resistance and inductance significantly lower the 

voltage drop across the windings, thereby increasing the �a for motor operation. This increased �a 

directly contributes to an improvement in the motor’s maximum saturation speed. Furthermore, as 
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shown in Equation (12), the back-EMF constant (&%), which is linearly dependent on ()*+�% , also de-

creases by half under the PCW. Consequently, the motor’s speed saturation point is theoretically 

doubled compared to that of a SCW under the same voltage supply [17]. These characteristics make 

the PCW particularly advantageous for robotic actuator applications that require high-speed opera-

tion within limited voltage environments. In addition to improved voltage utilization, the PCW also 

improved dynamic responsiveness due to the reduced electrical time constant. 

 

 

(a) (b) 

Figure 3. (a) Equivalent circuit of PCW BLDC motor; (b) Conduction system of PCW BLDC motor (two-phase 

conduction). 

2.1.4. Open-End Winding 

The circuit schematic of the OEW is shown in Figure 4a, and the associated single-phase con-

duction system is depicted in Figure 4b. Unlike the SCW, the OEW employs a conduction system in 

which each phase is independently driven by a dedicated voltage source. This architectural difference 

has a significant impact on the motor’s electrical performance. Equation (13) defines the effective 

phase voltage in the OEW, while Equations (14)–(17) represent the relationship between the usable 

voltage and the back-EMF, ultimately leading to the determination of the motor’s saturation speed. 

�a �  �� <  
���  0134 

�a �  |�3| 0144 

�  �%|sin 0'%234| 0154 

�  &%'%|sin 0'%234| 0164 

�  ()*+�%Φ'%|sin 0'%234| 0174 

In contrast to the SCW, the OEW topology significantly reduces voltage drop, as observed by 

comparing Equations (7) and (13). Another key distinction lies in the mechanism governing satura-

tion speed. As shown in Equations (14)–(17), the saturation speed in the OEW is determined solely 

by the back-EMF of a single phase, unlike the SCW. Consequently, under identical voltage conditions, 

the OEW can achieve a higher saturation speed. This performance benefit represents a significant 

technological advancement for robotic actuator systems operating under voltage-constrained condi-

tions [18]. 
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(a) (b) 

Figure 4. (a) Equivalent circuit of OEW BLDC motor; (b) Conduction system of OEW BLDC motor (single-phase 

conduction). 

2.1.5. Parallel Open-End Winding 

The POEW proposed in this study represents an innovative winding configuration that inte-

grates the advantages of existing approaches. As illustrated in Figure 5a, this configuration maintains 

the same total number of turns per phase as OEW while utilizing two parallel circuits, effectively 

reducing the number of series-connected turns by half. The conduction system, shown in Figure 5b, 

adopts the same single-phase conduction system used in the OEW, thereby maximizing voltage uti-

lization. The electrical characteristics of the POEW can be understood as the result of the synergistic 

effect of the PCW and OEW methods. Similar to the PCW, the phase resistance 
� is significantly 

reduced to one-fourth of its original value, as described by Equation (2). Likewise, the inductance �� 

decreases to approximately one-eighth, according to Equation (3). The reduction in resistance and 

inductance further mitigates the voltage drop observed in OEW operation, as described in Equation 

(13), thereby increasing �a, which in turn contributes directly to improved high-speed performance. 

From the back-EMF perspective, the halved number of series turns results in a proportional reduction 

in the back-EMF constant &%, leading to a theoretical saturation speed that is approximately twice as 

high as that of the OEW and four times that of the conventional SCW under the same voltage con-

straints. The POEW offers a cost-effective solution to overcoming the speed limitations of high torque 

density motors in voltage-limited environments. Notably, this approach can be implemented without 

altering the physical configuration of the stator or rotor, requiring only a modification to the winding 

configuration. This feature adds practical value by enabling straightforward performance upgrades 

in existing robotic systems. This performance benefit represents a significant technological advance-

ment for robotic actuator systems operating under voltage-constrained conditions. 

 

 

(a) (b) 

Figure 5. (a) Equivalent circuit of POEW BLDC motor; (b) Conduction system of POEW BLDC motor (single-

phase conduction). 
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2.2. Designing of Inverter 

2.2.1. SCW and PCW Inverter 

The motor drive systems for the SCW and PCW were implemented based on the six-step inverter 

topology, as illustrated in Figure 6. Table 2 presents the switching sequences corresponding to the 

Hall sensor signals for the six-step inverter. To minimize switching losses and improve efficiency, a 

unipolar PWM control strategy—in which only the lower switches are modulated—was employed, 

instead of the bipolar method that modulates both upper and lower switches. This unipolar approach 

reduces the switching frequency, thereby minimizing switching losses and mitigating electromag-

netic interference (EMI). Compared to the bipolar method, the unipolar PWM technique also signifi-

cantly reduces output voltage ripple, resulting in suppressed torque ripple and lower acoustic noise 

during motor operation. In Table 3, the ’Interrupt’ column indicates the logical states of the Hall sen-

sor signals. Upward arrows represent rising edges, while downward arrows indicate falling edges 

[19]. 

 

Figure 6. SCW and PCW BLDC motor inverter circuit and connecting schematic. 

Table 2. SCW and PCW BLDC motor inverter switching sequence. 

Direction 
Operating Range Hall Sensor Switching Signal 

Degree Interrupt HA HB HC A1 A2 B1 B2 C1 C2 

Forward 

0~60 HA 1 1 0 0 0 1 0 0 PWM 

60~120 HB 1 0 0 1 0 0 0 0 PWM 

120~180 HC 1 0 1 1 0 0 PWM 0 0 

180~240 HA 0 0 1 0 0 0 PWM 1 0 

240~300 HC 0 1 1 0 PWM 0 0 1 0 

300~360 HB 0 0 1 0 PWM 1 0 0 0 

Reverse 

0~60 HA 1 0 1 0 PWM 1 0 0 0 

60~120 HC 1 0 0 0 PWM 0 0 1 0 

120~180 HB 1 1 0 0 0 0 PWM 1 0 

180~240 HA 0 1 0 1 0 0 PWM 0 0 

240~300 HC 0 1 1 1 0 0 0 0 PWM 

300~360 HB 0 0 1 0 0 1 0 0 PWM 

            

2.2.2. OEW and POEW Inverter 

The motor drive systems for OEW and POEW adopt a topology consisting of three full-bridge 

inverters, as illustrated in Figure 8. Unlike the previously described six-step inverter, this configura-

tion enables independent voltage application to each phase. Each phase is driven by its own full-

bridge inverter, allowing for fully bidirectional and independent phase control. This architecture is a 

critical enabler for maximizing phase voltage utilization—one of the key advantages of both OEW 

and POEW. Table 3 presents the switching sequence for OEW/POEW inverters, which expands the 

conventional Hall sensor-based control logic to cover all four switches in each full-bridge inverter. 
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This control strategy facilitates seamless implementation using the same Hall sensor infrastructure 

and control algorithms as in conventional systems [20]. 

 

Figure 8. OEW and POEW BLDC motor inverter circuit and connecting schematic. 

Table 3. OEW and POEW BLDC motor inverter switching sequence. 

 

3. Experiment Comparing the Motor Dynamics 

3.1. Experiment setting 

The overall configuration of the proposed experimental setup is illustrated in Figure 9 The setup 

is powered by a 48 V DC power supply, with the main supply voltage directly applied to the drain 

terminals of the inverter. A microcontroller unit (MCU) for system control and monitoring requires 

a 5 V supply, while the gate driver circuit operates at 12 V. Both voltages are efficiently derived from 

the main 48 V source via buck converters. To evaluate the performance of the proposed winding 

configurations, two key experiments were conducted: (1) speed characteristic evaluation and (2) 

torque characteristic analysis. As shown in Figure 10, a dynamometer system was employed to en-

sure precise load control and accurate performance measurement. To minimize parameter varia-

tions—such as resistance and inductance—caused by the manual winding process, the neutral points 

of both the single SCW and PCW motors were internally connected within the motor driver PCB. 

This approach effectively isolates the effects of the winding configurations from other variables, en-

abling accurate assessment of the proposed winding configuration alone. 

Direction 
Operating Range Hall Sensor  Switching Signal 

Degree Interrupt HA HB HC A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 

Forward 

0~60 HA 1 1 0 0 0 0 0 1 0 0 PWM 0 PWM 1 0 

60~120 HB 1 0 0 1  0 0 PWM 0 0 0 0 0 PWM 1 0 

120~180 HC 1 0 1 1 0 0 PWM 0 PWM 1 0 0 0 0 0 

180~240 HA 0 0 1 0 0 0 0 0 PWM 1 0 1 0 0 PWM 

240~300 HC 0 1 1 0 PWM 1 0 0 0 0 0 1 0 0 PWM 

300~360 HB 0 0 1 0 PWM 1 0 1 0 0 PWM 0 0 0 0 

Reverse 

0~60 HA 1 0 1 0 PWM 1 0 1 0 0 PWM 0 0 0 0 

60~120 HC 1 0 0 0 PWM 1 0 0 0 0 0 1 0 0 PWM 

120~180 HB 1 1 0 0 0 0 0 0 PWM 1 0 1 0 0 PWM 

180~240 HA 0 1 0 1 0 0 PWM 0 PWM 1 0 0 0 0 0 

240~300 HC 0 1 1 1  0 0 PWM 0 0 0 0 0 PWM 1 0 

300~360 HB 0 0 1 0 0 0 0 1 0 0 PWM 0 PWM 1 0 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 April 2025 doi:10.20944/preprints202504.0724.v1

https://doi.org/10.20944/preprints202504.0724.v1


9 of 6 

 

Figure 9. Experiment layout. 

 

Figure 10. Top view of the experimental test bed. 

3.2. Speed Experiment of Each BLDC Motor 

The rotational speed of motor was measured using Hall sensor signals. To improve resolution, 

the signal was amplified sixfold and processed using the M-method for accurate speed estimation. 

The mathematical basis of the M-method is provided in Equations (18) and (19), and the parameters 

used for speed calculation are detailed in Table 4 [21]. 

e �  f1
gg
 h  2i jklmn (18)

'B �  60
2i h e

2 �  60
2i h f1

gg
 h 2i h 1
o�

 j
gpn (19)
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Here, θ denotes the mechanical rotation angle, PPR (Pulses Per Revolution) represents the max-

imum number of pulses generated per revolution, and o� is the sampling time of the measurement 

system. The variable m1 refers to the pulse count within the sampling window. 

Table 4. Speed calculation parameters for the M method. 

 Number of Poles PPR qr0st�uvwxy zw�{4 [sec] 

BLDC motor  13 78 0.04 

3.3. Torque Experiment of Each BLDC Motor 

In this study, it is crucial to verify that the torque characteristics are preserved in addition to 

achieving improved high-speed operation. If the proposed winding configuration enhances speed 

performance but leads to a degradation in torque output, it would fail to fulfill the intended role of a 

high torque density motor. To enable a systematic comparison of torque performance, the output 

torque of each motor was measured using a precision dynamometer while increasing the phase cur-

rent from 0 A to 5 A in 0.5 A increments. 

&�  �  o%
��

 j(f/>n (5-3) 

g|}  �  ��@�% 8 h 
 j~n (5-4) 

&B  �  o%
�g|}

 j(f/√~n  (5-5) 

Here, �� denotes the measured torque, ��� refers to the Joule heating power, which represents 

the copper loss due to resistive heating. The measured values of phase resistance � for each winding 

configuration are presented in Table 5. ��  is torque constant and ��  is motor constant. In this 

study, in addition to the conventional evaluation using the torque constant ��, the motor constant 

�� was introduced as a supplementary performance metric. The motor constant is defined as the 

ratio of the generated torque to the square root of the Joule heating power, and serves as a key indi-

cator of the motor’s torque generation efficiency relative to thermal losses. A higher value of �� im-

plies a more efficient motor design, capable of producing greater torque under the same thermal 

dissipation conditions. Since parallel winding reduces the phase resistance by a factor of four, com-

paring the motor constant is particularly important when evaluating torque performance relative to 

heat generation. 

Table 5. Resistance of each motor phase. 

 SCW PCW OEW POEW 


 [Ω] 0.55 0.19 0.55 0.19 

4. Results 

4.1. Experimental Result of Speed Characteristics Comparison 

The speed characteristic experiment was conducted under a 48 V power supply condition, and 

the maximum speed and speed ripple for each winding configuration were measured at the maxi-

mum inverter duty cycle of 94%. The results of this experiment are visualized in Figure 11 and sum-

marized in Table 6. For the conventional SCW, the maximum speed was measured to be 1214.4 rpm 

with a low speed ripple of 19 rpm. Since this value is similar to the motor specification provided by 

the manufacturer, the inverter design used in this experiment can be considered appropriate for the 

test environment. The PCW, which incorporates parallel windings, exhibited a maximum speed of 

2312.7 rpm due to reduced phase resistance, mitigated voltage drop, and a lower back-EMF constant. 

This represents approximately a 1.9-fold improvement compared to SCW. The speed ripple was also 
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maintained at a stable level of 19 rpm, experimentally verifying that the PCW contributes to speed 

improvement. The OEW, despite being a series configuration, eliminates the neutral point and allows 

full voltage application to each phase. This resulted in a maximum speed of 2331.2 rpm, approxi-

mately 1.92 times higher than SCW. The speed ripple was measured at 20 rpm, also showing stable 

operating characteristics. These findings demonstrate that OEW is an effective method to enhance 

speed even in series-connected configurations. Finally, the POEW, which combines both PCW and 

OEW benefits, achieved the highest speed of 4273.8 rpm—representing a 3.52-fold improvement over 

SCW, 1.85-fold over PCW, and 1.83-fold over OEW. The speed ripple remained low at approximately 

19 rpm, comparable to the other configurations, indicating stable rotational performance. These re-

sults confirm that the speed performance of high torque density motors can be significantly improved 

through winding configuration modifications, even under a limited 48 V supply. The consistently 

low ripple across all configurations further suggests high practical applicability. Particularly in ap-

plications such as humanoid and wearable robots, where both high torque and high speed are essen-

tial, the proposed POEW offers an efficient and safe actuation solution. 

 

Figure 11. Comparison of motor speed characteristics under different winding configurations. 

Table 5. Comparison of motor speed and ripple under different winding configurations at 94% PWM duty. 

 SCW PCW OEW POEW 

Speed [RPM] 1214.4 2312.7 2331.2 4273.8 

Max Ripple [RPM] 19 19 20 19 

4.2. Experimental Results of Torque Characteristics Comparison 

While the proposed winding methods contribute to improving speed performance, they must 

also maintain the core characteristic of high-torque-density motors—namely, torque performance. If 

torque capability is degraded, the winding configuration would not be a suitable choice. Therefore, 

it is essential to verify whether torque performance is preserved alongside the speed improvement. 

To evaluate torque characteristics, the torque constant &�, which represents the ratio of output torque 

to input current, was measured. The results were: OEW: 0.3616 (f/> > POEW: 0.3502 (f/> > 

PCW: 0.3458 (f/> > SCW: 0.3334 (f/>, as visualized in Figure 12. The maximum difference was 

approximately 0.03 (f/>, which is not considered a significant performance degradation under the 

given experimental conditions. However, since phase resistance and current amplitude vary depend-

ing on the winding configuration, an additional metric, the motor constant &B, was analyzed to com-

prehensively evaluate torque efficiency with respect to heat generation. The measured results were: 

OEW: 0.3447 (f/√~ > SCW: 0.3178 (f/√~ > POEW: 0.2840 (f/√~ > PCW: 0.2804 (f/√~, as 

shown in Figure 13. These results indicate that winding configurations incorporating parallel paths 

tend to exhibit lower motor constants. Although the parallel winding theoretically reduces phase 

resistance to one-quarter, it requires approximately twice the current in each parallel path to achieve 
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the same torque as a series configuration. Consequently, total heat generation increases. Specifically, 

the motor constant of PCW was approximately 11.77% lower than that of SCW, and POEW was 

17.62% lower than OEW. Therefore, although the torque generation capability &� does not differ sig-

nificantly among the configurations, the motor constant &B is relatively lower in parallel winding 

configurations. This suggests that while parallel winding configurations are advantageous for en-

hancing speed performance and maintaining torque output, they may reduce overall motor efficiency 

due to increased heat generation. A summary of all experimental results is provided in Table 7. 

 

Figure 12. Comparison of torque constants for different winding configurations. 

 

Figure 13. Comparison of motor constants for different winding configurations. 

Table 7. Comparison of torque constant and motor constant for each winding configuration. 

 SCW PCW OEW POEW 

&� j(f/>n 0.3334 0.3458 0.3616 0.3502 

&B j(f/√~n 0.3178 0.2804 0.3447 0.2840 

5. Discussion 

In this study, we addressed the challenge of applying high torque density motors in humanoid, 

walking, wearable, and rehabilitation robots, where inherent low-speed characteristics and voltage 

limitations hinder performance. By modifying the winding configurations, we proposed and ana-

lyzed three configurations: SCW, PCW, OEW, and their combination, POEW, to enhance speed ca-

pabilities. 

As illustrated in Figure 11 and summarized in Table 6, under a consistent 48V supply, PCW 

achieved approximately 1.9 times, OEW about 1.92 times, and POEW around 3.5 times the maximum 

speed compared to SCW. Notably, speed ripple remained consistent across all configurations, 
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indicating that these structural modifications did not adversely affect rotational stability. This 

demonstrates that optimizing winding configurations can significantly improve speed performance 

even within voltage-constrained environments. 

 Regarding torque characteristics, we conducted a quantitative analysis by measuring the 

torque constant (kₜ), representing torque per unit current, and the motor constant (kₘ), indicating 

torque efficiency relative to heat generation. As shown in Figure 12 and detailed in Table 7, the torque 

constants were: SCW at 0.3334 (f/>, PCW at 0.3458 (f/>, OEW at 0.3616 (f/>, and POEW at 

0.3502 (f/>. The maximum deviation was approximately 0.03 (f/>, suggesting minimal variation 

across configurations. However, the motor constant (kₘ) exhibited notable differences: SCW at 

0.3178 (f/√~, PCW at 0.2804 (f/√~, OEW at 0.3447 (f/√~, and POEW at 0.2840 (f/√~. Spe-

cifically, PCW and POEW showed reductions of about 11.77% and 10.63% respectively compared to 

SCW. This decline is attributed to increased current application in parallel winding configurations, 

leading to higher heat generation and reduced efficiency. Although theoretically, parallel windings 

reduce phase resistance, the necessity to apply equivalent current to each parallel path results in in-

creased total current and consequently higher Joule losses. 

Despite this efficiency reduction, the POEW achieved a substantial 3.5-fold increase in speed 

without significantly impacting the torque constant, and with only a modest efficiency decrease of 

around 10%. This suggests that POEW is a practical approach, particularly for systems constrained 

to safe operating voltages below 50V, enhancing the applicability of high torque density motors in 

robotic joints and actuators. 

However, implementing the POEW presents certain technical challenges. Firstly, commercially 

available motors and dedicated drivers supporting POEW are limited. Secondly, OEW and POEW 

require three full-bridge inverters, doubling the number of switching components and associated 

losses. Thirdly, parallel windings may introduce circulating currents due to resistance and induct-

ance discrepancies between parallel paths, necessitating precise symmetrical design and wiring. 

Despite these challenges, the POEW effectively addresses the low-speed limitations of high 

torque density motors, broadening their applicability across various robotic applications and contrib-

uting to advancements in the robotics industry. Future research will focus on quantitatively assessing 

circulating currents in POEW, analyzing inverter losses and thermal characteristics, and implement-

ing these findings in robotic joint actuators to enhance system dynamics, safety, and reliability. 
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