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and Yuriy Vagapov, Member, IEEE 
 

Abstract-  This paper presents the design, development, and 

experimental evaluation of a high-speed integrated motor drive 

for cordless vacuum cleaners. The drive employs an axial 
integration structure, where the inverter PCB is soldered directly 

to the motor terminals, reducing wiring losses and improving 

electromagnetic compatibility. A novel PMSM with a star-shaped 

stator and toroidal winding provides high power density, reduced 

weight, and enhanced cooling. The motor operates at 
120,000rpm, generating airflow enabling forced-air cooling of 

both the motor and the inverter. The inverter design is  

constrained by strict geometric and thermal requirements. Its 

layout is based on the symmetric positioning of six MOSFETs 

around the motor axis, achieving uniform airflow distribution 
and reducing local overheating. Experimental tests under 

variable suction and airflow conditions, simulating realistic VC 

operation, demonstrated improved thermal management 

compared with existing commercial solutions, confirming the 

effectiveness of the proposed integrated drive. 

 

Index Terms—Integrated drives, High speed motors, 

Permanent magnet motors, Brushless machines. 

I. INTRODUCTION 

Recent advances in battery technology have significantly 

accelerated the development and implementation of 

autonomous [1] and cordless devices for transportation [2, 3], 

industrial and domestic applications [4, 5]. It is ev ident that 

the leading manufacturers of home appliances are actively 

investing in research and development to introduce innovative 

products, with a focus on capturing a larger share of the global 

market for such devices. In line with this trend, cord less 

vacuum cleaners (VC) are becoming highly popular 

worldwide among home users and increasingly dominant in 

the US and European markets [6]. Desp ite the higher price 

compared to wired VCs, about 85% of all vacuum cleaners 

sold in the US and European markets are now cordless models 

[7], with the market value predicted to reach $20 billion by 

2030 [8]. This strong demand for cordless VCs has driven 

substantial efforts to develop and manufacture devices with 

reduced weight and size, increased power density, enhanced 

efficiency and improved convenience for consumers [9]. 

The operational performance of VCs is p rimarily  

determined by the capabilit ies of the electric motor applied to 
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generate suction power at the airflow intake [10]. 

Conventional wired VCs commonly use universal motors [11], 

whereas cordless VCs are predominantly equipped with 

permanent magnet synchronous motors (PMSMs) [12], which  

operate under field-oriented control (FOC) algorithms [13]. 

Due to the reduced size and weight usually required for 

cordless appliances, these motors have a compact form factor 

and signif icantly increased power density [14]. Obviously, 

small-sized devices accommodate impellers of lower d iameter 

requiring an increased motor speed to deliver the demanded 

suction power. Such advanced suction performance is 

achieved through high-speed motor operation, with the 

impeller shaft rotating at speeds exceeding 100,000 rpm [15]. 

A typical PMSM for cordless VCs has a diameter of only a 

few centimeters but is capable of delivering a ra ted power of 

500-600 W on the shaft while d rawing a phase current of 40-

50 A. To  achieve the required high-speed shaft rotation, the 

motor typically operates at an AC voltage with a frequency 

exceeding 2.0 kHz [16]. The high current and frequency 

significantly contribute to copper and iron losses in  the motor, 

increasing its temperature [17]. Therefore, the combination of 

compact size and high power density can lead to excessive 

motor heating, demanding the introduction of efficient cooling  

methods to ensure safe thermal operation [18, 19]. 

The standard approach to cooling h igh-speed motors in VC 

applications is to arrange the airflow generated by the impeller 

through the motor [20]. Although the air density varies 

significantly depending on how the VC is applied during 

cleaning, this forced air cooling method is considered the 

simplest, most efficient and cost-effective solution for keeping 

the motor temperature below the limit [21]. Due to a large 

volume of air passing through the motor at high speed, heat 

transfer from the motor surface is highly  effective, result ing in  

a simple design without the need for heatsinks [22, 23]. 

High-speed motors with small size and low weight, as used 

in cordless VCs, enable the design and production of compact 

and lightweight  devices [24]. However, the high-speed motors 

require inverters supplying AC voltage to the stator winding 

and operating under pulse width modulation (PWM) at 

frequencies of 20-50 kHz [25], which introduces sign ificant 

switching losses [26]. To reduce these losses, fast-switching 

MOSFETs are employed [27], but inverters for high speed 

motors still experience significant power losses associated 

with switching time and PWM frequency [28]. At high PWM 

frequencies, these losses can lead to semiconductor 

overheating and possible inverter failure [29]. 

Conduction losses in MOSFETs also contribute 

substantially to the temperature rise due to the high currents 



required to supply the stator windings under m otor load 

conditions [30, 31]. In most cordless appliances, including 

VCs, the battery serving as the power supply is a low-voltage 

source with a typical value of 24 V. Therefore, in  contrast to 

inverters employed in industrial electric drives and operating 

at high voltage, the increased current through power 

semiconductors in VCs resu lts from the relatively low voltage 

applied at the inverter input [32, 33]. 

This paper presents a detailed analysis of high-speed 

integrated electric drives (IEDs) for use in VCs, including 

thermal management, operational performance, and design  

approaches. It also proposes a  novel high-speed integrated 

drive for VCs designed to deliver enhanced thermal and 

operational characteristics. A prototype of the proposed drive 

was built and tested to validate the design parameters. The 

main contributions of this paper are as follows: 

 Analysis of integrated motor drives for VCs, including 

major design challenges and requirements; 

 Analysis and development of a thermal management 

approach to the design of power inverters in VC IEDs; 

 Proposal of the integrated drive for VC application with 

enhanced thermal characteristics and operational performance; 

 Experimental validation of the proposed design using a test 

prototype through a series of practical experiments; 

 Comparative analysis of the proposed integrated motor 

drive with existing commercial solutions. 

II. ADVANTAGES AND DESIGN CHALLENGES OF VC 

INTEGRATED DRIVES 

Household appliances are designed to meet strict safety 

and ergonomic standards, which are essential for safe and 

convenient consumer use [34]. These constraints often make 

the shape and internal structure of appliances complex for the 

installation of internal components. Another important factor 

influencing appliance design is the requirement for low weight 

[35], which forces designers to use lightweight materials for 

the appliance enclosure, which complicates the internal 

structure needed to provide adequate mechanical strength. 

Such a complex form factor dictates a n unconventional 

approach of enclosing active and passive components, such as 

batteries, motors, inverters, actuators, cooling systems, and 

control electronics [36]. Th is is particularly relevant to 

cordless VCs, which are often designed for handheld use, 

where the internal space available for component installation 

is limited and inconveniently shaped. Complicated design 

leads to unconventional allocation of components across 

different areas of the appliance enclosure, often making 

cooling difficult and, in many cases, nearly impossible [37]. 

In cordless appliances with complex-shaped enclosures, 

the motor and inverter are often installed in separate areas and 

connected by cable wiring. While th is configuration is dictated 

by shape, space, and ergonomic requirements, it  can introduce 

electrical p roblems, particularly when the inverter operates at 

high PWM frequencies, employing fast switching 

semiconductors [38]. Fast switching t ime generates a high 

voltage derivative (dv/dt), which may lead to the formation of 

both direct and reflected voltage waves along the connecting 

cable in the case of an impedance mismatch between the 

motor input and the cables [39]. When the cable length is 

relatively long, the interaction of these waves can result in 

transient overvoltages at the motor termina ls, producing 

electrical stress on the motor windings and potentially 

degrading the wire insu lation [40]. Additionally, longer cables 

have increased resistive power losses due to the higher 

currents in the wires generated by the low voltage power 

supplies typically used in cordless devices. 

The issues discussed above can be solved by integrating 

the motor, inverter and controller into a single unit, commonly 

referred to as an integrated electric drive [41]. The compact 

form factor of the IED enables design optimization, supporting 

the development of a drive system with improved size and 

weight characteristics, making easy installation into an 

appliance enclosure and simplifying overall device assembly 

[42]. The design and implementation of an IED are 

particularly important for cordless appliances, especially VCs, 

where a forced air cooling mechanism is dominant and 

efficient, effectively supporting the thermal management of 

electrical and electronic components [44, 43]. In cordless VCs, 

the appropriate design can enha nce the cooling of all the heat-

generating components using the high-speed and large volume 

airflow produced by the motor impeller [45]. 

An integrated electric drive, in which the inverter is 

mounted on the motor and connected directly to the motor 

terminals, provides sign ificant improvement in 

electromagnetic compatibility, as there are no cable wires 

between the motor and inverter [46-48]. This direct and short 

wire connection eliminates impedance mismatch and power 

loss problems [49]. Th is so lution is particularly important in 

the design of cordless VC integrated drives, which are 

powered by a low-voltage battery and carry significant current 

through the inverter and stator windings  [50-52]. Although 

high currents require costly connectors, switching related 

overvoltage at the motor terminals and power losses in the 

connection wires are negligib le [53]. Another common 

connection option is soldering the motor terminal directly to 

the inverter PCB. This is a  cost-effective solution providing 

significant benefits for mass production. 

The air-forced cooling method is widely used  in  integrated 

electric drives [54]. It is considered a simple, economical, and 

efficient approach to the thermal management of all parts 

comprising the IED [55, 56], which makes this method well 

suited for use in domestic appliances, including VCs. A 

typical cooling solution for integrated electric drives is to 

install the inverter PCB within the motor housing to arrange a 

common air-forced cooling channel for both the motor and the 

power semiconductors [57]. In such designs, the motor stator 

housing is often used as a heat sink for inverter 

semiconductors [58]. However, the cooling efficiency of these 

solutions depends significantly on the air speed and airflow 

volume generated by the rotating components of the motor 

[59]. Various approaches have been developed to enhance 



thermal management in IEDs. For example, [60] proposed to 

modify the inverter PCB by adding multiple holes to improve 

air circu lation and heat transfer. In cases where airflow is not 

sufficient for cooling, embedding of semiconductor heat sinks 

in the motor housing has been suggested by [61] to ensure 

appropriate thermal management of the inverter. 

In IEDs for VCs, enhancing air-forced cooling for 

semiconductor components is primarily achieved through the 

proper arrangement of airflow across the inverter PCB, which  

is typically mounted at the end of the motor. The large airflow 

volume and high air speed provide operation of the inverter 

power semiconductors without dedicated heat sinks. However, 

to ensure efficient heat transfer and reliable thermal 

management, a  thorough design of both the air channel and the 

PCB configuration of the inverter is essential [62, 63]. 

Thus, this enhanced air forced cooling approach reduces 

the overall cost of the motor drive in  terms of both assembling 

and maintenance, while also minimizing size, volume and 

weight of the device. These factors are particularly important 

for cordless handheld appliances, as they directly affect 

usability, ergonomic characteristics and operational 

performance. Therefore, efficient thermal management is a 

major design objective in the development of an IED for VCs. 

III. COMPETITIVE VC DRIVE 

The previously d iscussed advantage of enhanced cooling 

in the integrated drives for various fan applications is widely  

utilized by the manufacturers of home appliances. Typical 

examples of such drives are demonstrated in Fig. 1, where  

Fig. 1a illustrates the inverter board of a  vacuum cleaner 

produced by LG Electronics, and Fig. 1b taken from [64] 

shows the integrated motor drive of a  hand dryer developed by 

Dyson. The solution from LG employs MOSFETs in TO-218 

packages, which are relatively tall and sign ificantly obstruct 

airflow. Furthermore, these components are not rigid ly fixed 

to the PCB, which makes them susceptible to vibrations and 

reduces overall reliability [65]. The integrated motor drive 

from Dyson also uses transistors in  similar packages, mounted 

on reduced heatsinks. While this so lution demonstrates 

improved mechanical stiffness and better cooling capability, 

the metal ribs used as heatsinks occupy additional space, 

restrict airflow and increase the total cost of the device. 

An example of an integrated motor drive produced by 

Samsung Electronics is demonstrated in Fig. 2, where Fig. 2a 

illustrates the assembled device, Fig. 2b shows the top side of 

the inverter PCB corresponding to the motor facing view, and 

Fig. 2c presents the opposite side of the inverter PCB. This 

motor drive was obtained from a disassembled cordless VC 

purchased on the market and is considered a close example of 

a  similar form factor. It will be evaluated in the experimental 

section and used as a reference in comparative analysis. 

In the Samsung integrated drive, the impeller, mounted on 

the motor shaft, rotates at speeds of approximately 

120,000 rpm to generate the required pressure . Th is device 

employs axial integra tion, where the inverter board is soldered  

directly to the motor terminals. Power t ransistors are located 

on the surface of the motor facing side, allowing d irect cooling 

by the incoming airflow. However, the asymmetrical 

placement of the motor terminals and inverter switches at 

varying distances from the motor axis results in  uneven 

cooling, potentially causing local overheating and limit ing 

inverter performance. This negative effect is evaluated and 

analyzed in the experimental section. 

Unfortunately, detailed information on the Samsung VC 

motor drive is proprietary, and the number of available 

b)a)

Motor 
terminals

Switches

A

B

C

1

2

3

4

5

6

Reduced 
heatsinks

Switches

 
Fig. 1. Competitive integrated motor drives: a) VC motor drive from LG; 

b) Hand dryer motor drive from Dyson, taken from [64]. 

b) c)a)

Motor 
terminals

A

B

C
Switches

1

2

3

4

5
6

MCU

 
Fig. 2. Integrated VC motor drive from Samsung Electronics: a) Assembled 

drive; b) Inverter (motor side view); c) Inverter (outer side view). 
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Fig. 3. Construction of the proposed VC motor drive. 
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Fig. 4. Parts of the proposed VC motor drive: a) Stator and rotor; b) Fan. 



publications on this drive is lim ited. However, some details on 

the motor drive design and operational performance, have 

been reported in [66, 67]. Additionally, the motor thermal 

characteristics based on experimental studies are presented in 

[68]. Other performance data for this competing device  were 

obtained through testing of a commercially purchased sample. 

IV. PROPOSED DESIGN OF INTEGRATED VC DRIVE 

This section describes the construction process of the 

integrated VC motor drive, including key constraints, inverter 

component selection, and the development of application-

specific control algorithms. 

A. Construction of Integrated VC Drive 

The proposed design implements a conventional axial 

integration scheme, as shown in Fig. 3. The inverter PCB is 

soldered directly  to the motor terminals, eliminating excessive 

wiring. The impeller fan is mounted on the motor shaft, while  

the impeller housing is fixed to the motor casing. The d iffuser, 

comprising two plastic parts, is attached to the impeller 

housing. This assembly, referred to as the integrated VC motor 

drive, is manufactured as a single unit. When the drive is 

installed in  the VC, it  can be extended with a fine dust filter, 

which is tightly mounted to the diffuser. 

The impeller is driven by a PMSM, offering high  torque-

to-weight [69] and torque-to-size [70] ratios along with high  

efficiency [71] compared to other motor type. Unlike 

conventional tooth-coil PMSMs [72], the proposed motor uses 

a novel star-shaped stator with toroidal windings, which  

improves cooling and enables higher current density and 

efficiency [73]. The stator and rotor with bearings are shown  

in Fig. 4a, while the fan designed and validated using the 

initial prototypes of the motor drive is shown  in  Fig. 4b. The 

motor design  and its main characteristics are detailed in [73], 

while its parameters are summarized in Table I. 

B. PCB Design Constraints  

The PCB design begins with analyzing geometric 

constraints from the motor and vacuum cleaner, determined by 

the mechanical engineers who designed the VC handle stick. 

They define the board shape, mounting holes, and connector 

positions, thus, appropriate selection and placement of bulky 

components, such as electrolytic capacitors, is a  challenging 

task, where numerous constraints must be considered [74]. 

The result ing constraints for the inverter board are shown 

in Fig. 5a and b for the motor facing and opposite sides, 

respectively. Bulky components on the motor side may only 

be placed between motor ribs, with a maximum height of 

30 mm, provided that the components’ cross-section area 

occupies less than 50% of the corresponding sector. The 

height of other components on this side should not exceed 

3 mm. On the opposite side of the inverter PCB, components 

must not exceed 12 mm in height if placed within the 

designated area; otherwise, their height is limited to 3 mm. 

The motor connector consists of three metal pins securely  

fixed in the motor housing. It must be soldered to the PCB to 

ensure both the electrical conductivity for current and the 

mechanical stiffness of the integration. The power connector 

can be implemented as metal caps fixed at the ends of the 

TABLE I. MOTOR PARAMETERS 

Parameter Value Parameter Value 

Slot/poles 6/2 Stator resistance, mΩ 40 

Rated power, W 860 Direct inductance, μH 7.8 

Rated battery voltage, V 25.2 Quadrature inductance, μH 15 

Rated phase current, A 50 Back-EMF gain, V/rad/s 0.00085 
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Fig. 5. PCB constraints: a) Motor side; b) opposite side. 
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Fig. 6. Inverter schematics. 
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Fig. 7. Design of inverter PCB. 



power supply wires and soldered to the designated holes. 

Direct soldering of the wires without caps is also possible, 

however, this option requires verification by reliability 

engineers. The control connector is preselected by system 

engineers, may not be changed, and must be located within the 

designated area on the opposite side of the inverter PCB. 

C. Inverter Schematics 

After analysis of the requirements, the conventional 

schematics depicted in Fig. 6 was selected. Since the battery in 

cordless VCs is located close to the inverter, the EMI filter 

was omitted from the inverter. DC-link capacitors are included 

to reduce supply current ripples and stabilize the voltage. 

Considering that VC motor drives do not operate at low 

frequencies, the control algorithm does not require the 

derivation of a  precise motor model. Therefore, the sensor 

configuration was selected similarly to that used in the 

majority of low-cost appliances. To measure motor phase 

currents, the inverter circuit  incorporates two shunts located in 

the bottom legs of the inverter, while the DC-link voltage is 

measured using a  resistive voltage sensor. 

D. Selection of Key Parts 

The most critical design decision affecting the 

performance of the integrated motor drive is the selection of 

inverter semiconductor switches. Analysis of the design  

constraints and cooling solutions used in competitive drive 

inverters shows that the transistors should be implemented in 

low-profile packages. For example, if the cooling approach 

used in the Dyson motor drive (Fig. 1b) were applied to the 

proposed motor drive, six plate heatsinks would be required, 

corresponding to the number of semiconductor switches. Such 

an inverter design would increase the size of the enclosure, 

complicate PCB assembly, and reduce device efficiency due to 

increased resistance airflow during cooling.  For this reason, 

the inverter does not employ dedicated heatsinks. 

Consequently, minimizing power loss and ensuring sufficient 

cooling of the switches are extremely important [75]. 

Therefore, the switches should have low drain-source on-state 

resistance and low thermal resistance. Based on a  detailed 

analysis, the STL110N10F from STMicroelectronics have 

been selected. This N-channel Power MOSFET utilizes 

STripFET F7 technology with an enhanced trench gate 

structure. It can withstand voltages up to 100 V and can 

commutate currents of up to 107 A. It has one of the lowest 

drain-source on-state resistances (RDS(on) = 5 mΩ) combined 

with low temperature resistances: junction-case resistance 

Rthj˗case = 1.1 °C/W and junction-PCB resistance 

Rthj˗pcb = 31.3 °C/W. The device is implemented in a 5×6 mm 

PowerFlat package with a height of 1 mm. 

The required value of the DC-link capacitor was calculated 

based on the considerations provided in [76, 77], which  

analyze the maximum inverter load and maximum allowable 

ripples of the DC-link voltage. The calculated capacitance of 

approximately 900 μF could not be implemented as a single  

component due to the abovementioned geometrical 

constraints. Therefore, it  was achieved using three capacitors 

rated at 330 μF each, with a maximum height of 16 mm and a 

diameter of 7 mm, which fully satisfy the design requirements. 

To implement reliable current sensing, the metal strip  

shunt resistors from Vishay with a  1% tolerance were selected. 

They demonstrate a relatively stable temperature coefficient of 

resist ivity (TCR) [94] and high immunity to electromagnetic 

noises [78]. To obtain the target resistance of 2 mΩ while  

improving power d issipation and reducing fault probability, 

two 4 mΩ resistors were connected in parallel [80]. 

Due to limited PCB space, high-integration chips capable 

of implementing multiple circuits are essential. The 

STSPIN32G4 from STMicroelectronics was selected as the 

core. It is based on the 170 MHz STM32G4 microcontroller 

unit (MCU) with motor-control peripherals [81]. However, the 

main advantage of STSPIN32G4 is the integration of various 

auxiliary circu its required  for inverter applications. It supports 

5.5 ~ 75 V supply, includes a  low dropout regulator for the 

MCU circu its, an additional 200 mA buck converter to supply 

external chips and a triple half-bridge gate driver with 

bootstrap diodes. The device also provides hardware 

protection against short circuits, over/under-voltage, and 

prevents simultaneous conduction of high- and low-side 

switches in the same inverter leg. 

E. Design of Inverter Unit 

In the first step, bulky components, such as electrolytic 

capacitors and the control connector, were arranged according 

to the constraints in Fig. 5. Airflow analysis for cooling the 

power semiconductors is challenging due to variations in 

velocity and complex channel geometry, so finite element 

analysis (FEA) simulations were conducted. These identified 

PCB areas with maximal airflow, used to place MOSFETs for 

efficient, uniform cooling and minimal power-line length. 

Semiconductor switches were arranged in pairs near the 

motor terminals for each phase, equidistant from the motor 

axis to ensure uniform cooling. The shunt resistors were 

placed close to the switches, minimizing line length and 

leveraging impeller airflow. Afterwards, the remaining 

components were arranged on the PCB, and the final design  

was validated using 3D design software, Fig. 7. Focusing on 

cost minimization and considering high integration of inverter 

circuits, a  two layered PCB was selected. Then, the inverter 

board was carefully routed following the guidelines provided 

in [82, 83], with particular attention to the routing of sensing 

elements and analog signal traces. 

V. CONTROL SYSTEM 

This section discusses the control system of the developed 

integrated motor drive for VC, focusing on the algorithms 

specific to the designed device. 

A. The Core Control Algorithm 

The developing VC motor drive is not intended for 

operation at low speeds, where the suction power is negligib le. 

Therefore, sensorless algorithms are well su ited to the control 

requirements [84]. The control system used to operate the 



developing motor drive is demonstrated in Fig. 8. It employs a 

back-EMF-based estimator in the dq reference frame proposed 

by Matsui et al. [85]; however, the original approach is 

enhanced with a speed correct ion mechanism, which improves 

response time and performance at higher speeds [86]. To  

further reduce the reaction time, the control tasks are 

optimized to update PWM commands within a half period 

after signal digitalization, mitigating quantization effects and 

reducing control delays [87, 88]. To reduce the errors caused 

by the motor rotation during the sampling period, the 

calculated commands are corrected considering this rotation 

[89]. The motor drive is started using an open-loop approach 

with immediate seamless transition to closed-loop control, as 

proposed in [90]. Open-loop control was found to be 

unsuitable for stable operation of the VC drive under airflow 

variations caused by airflow acceleration at startup and 

occasional blockages of the intake by various debris such as 

clothes, paper, etc. For this reason, the transition to closed-

loop control should occur as soon as the estimator begins 

operating in  the normal mode. The lowest speed at which the 

estimator starts operating normally is 6,000 rpm, which is 

therefore selected as the threshold speed for switching from 

open-loop to closed-loop control. 

The modified estimator is equipped with an incremental 

position encoder, whose signals were processed as 

recommended in [91, 92]. At  low speeds, the low back EMF 

significantly affects the accuracy of position estimation. 

However, evaluation of the estimator performance shows that 

the position error at 10,000 rpm is below 5 electrical degrees, 

as illustrated in Fig. 9a. Th is speed provides excellent posit ion 

accuracy and is therefore selected as the minimum speed for 

stable operation of the control system. At 6,000rpm, when the 

control transitions from open-loop to closed-loop operation, 

the position error remains below 10 electrical degrees 

(Fig. 9b), which is considered acceptable. 

The challenges in est imator performance at high (rated) 

speed are mainly related to the low computational-to-

fundamental ratio (CFR). At the rated speed of 120,000 rpm, 

the CFR is 12.5. This value is close to the lower limit  

(approximately 10 according to [87]) required for stable FOC, 

but it does not fall below it. Due to code optimization, the 

PWM duty cycle is updated at half of the PWM period, which  

reduces the effective delay to half of the sampling period and 

results in a delay of only 14.4 electrical degrees. This value is 

typical for many industrial and household appliance drives and 

can be easily compensated using corresponding correction in  

reverse Clarke transformation. 

The developed control scheme is based on the 

conventional FOC topology, comprising an outer speed loop 

and two inner current loops in  the dq reference frame. These 

control loops use PI-controllers, implemented as suggested in  

[93, 94]. The basic FOC is further enhanced with algorithms 

to improve the efficiency and performance of the motor drive. 

The algorithms include maximum torque per ampere control 

(MTPA), which adapts to variation of motor parameters, as 

reported in [95]. A field-weakening (FW) algorithm, typically 

used for operation with discharged batteries [96], was not 

implemented in the drive control strategy because it 

significantly increases power loss and complicates cooling. 

Instead of the FW algorithm, a slight constant reduction of 

rotor flux was applied to ensure reliable operation of the drive 

under reduced supply voltage conditions. This flux reduction 

was achieved through the use of weaker permanent magnets. 

The PWM frequency was selected as a tradeoff between 

control quality and minimization of commutation losses. 

Based on experimental evaluation, it was set to 25 kHz, 

corresponding to a  sampling time of 40 μs. 

B. Specifics of the Compressor Drive 

The main specific characteristic of the VC motor drive is 

its load, which varies quadratically with rotational speed. This 

behavior introduces non-linear disturbance and requires the 

implementation of correction techniques, which adjust system 

gains according to operating speed [97]. The most important 

blocks requiring gain correct ion are the speed reference limiter 

[98, 99] and the current PI-controllers [100, 101]. 

The operation of a  conventional S-shaped reference limiter 

is illustrated in Fig. 10a. The speed reference lim iter receives a 

step command ωref, which is initia lly constrained by the 

maximum allowable acceleration amax. This limitation 
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Fig. 8. Control scheme of the VC motor drive (6/2 slot/pole configuration). 
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Fig. 10. Operation of system specific algorithms: a) Conventional reference 

limiter; b) Improved reference limiter; c) Minimum current limitation. 



generates an integrated signal ωint, which is further processed 

through a lowpass filter with a time constant Td. The resulting 

S-shaped signal ωr lim, is then sent to the speed controller.  

However, this smooth linear curve leads to a quadratically 

increased load, which can degrade system performance. 

To solve the abovementioned issue, the developed motor 

drive implements the following algorithm. When the 

commanded speed exceeds the threshold value ωth, the 

maximum allowed acceleration amax is reduced proportionally 

to motor speed. The operation of this technique is 

demonstrated in Fig. 10b. While this method slightly increases 

the transient response time, it effectively linearizes the load. 

The VC motor’s quadratic load complicates low-speed 

current control, as current is much lower than rated, resulting 

in a low signal-to-noise ratio. This problem is exacerbated by 

offset errors in  the sensing circuits and accumulating error in  

the third phase, without dedicated shunt [102]. Therefore, 

conventional control can distort readings, degrading 

performance [103] and trigger overcurrent faults. To address 

this, the p roposed algorithm limits the min imum stator current 

amplitude to maintain reliable sensing, while adjusting the 

current vector phase to produce the required torque. It is 

illustrated in Fig. 10c, showing the modified current trajectory. 

C. Safety Issues 

Household appliances must ensure safe and reliable 

operation, as regulated by UL60730 standard [104]. The 

STSPIN32G4 motor controller provides hardware protections, 

including overtemperature and abnormal voltage detection, 

and monitors each transistor’s drain-source voltage. Therefore, 

some critical protections are implemented in hardware, 

simplifying development. Hardware protections are 

complemented by software protections for overvoltage [105] 

and phase loss failures [106]. Without a heatsink, insufficient 

airflow can rapidly overheat inverter switches, so NTCs are 

placed between transistors in each inverter leg, monitoring two  

devices simultaneously to save space and cost. 

The developing system also includes self-testing routines 

for UL60730 Class B compliance, eliminating external 

protective devices. It reduces both cost and size of the VC, 

which is crucial for the competitive home appliance market. 

VI. EXPERIMENTAL INVESTIGATION 

This section discusses the equipment used in this research, 

outlines its characteristics and explains the testing approaches. 

It also details the test  procedures, presents the experimental 

data , and provides its comparative analysis. 

A. Experimental Equipment 

A test prototype of the proposed electric drive was 

produced and tested to evaluate its performance. The 

prototype with a detached inverter is shown in Fig. 11a, while 

both sides of the inverter PCB are presented in Fig. 11b and c. 

Fig. 12 demonstrates test setup for developing control 

software and evaluating motor signals. To study airflow 

performance, a dedicated test rig, capable of controlling 

motor-drive airflow and simulating various VC operating 

modes, was constructed, Fig. 13a. The rig includes a 

manometer box coupled with the testing motor drive using a 

special airflow connector, shown in Fig. 13b (opened) and 

Fig. 13c (closed). Th is box includes an orifice control unit  in  

the form of a pipe with  a hermetic clamp designed to hold  

interchangeable circular metal orifices of different diameters 

to regulate airflow and simulate different loads. 

Inverter switch temperatures were measured with 

thermocouples and recorded using a Yokogawa FX1000, 

while voltage and current were captured with a Yokogawa 

DL-850 oscilloscope. The motor drive was powered by a 
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Fig. 11. Test rig for motor signals evaluation: a) Motor with impeller and 

diffuser; b) Inverter (motor side view); c) Inverter (outer side view). 
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Techways Kewell C3000H (up to 3 kW DC) and controlled 

via PC through a USB for automated data acquisition. 

The developed VC drive was tested under various speeds 

and operational modes using the developed control system. 

For a  fair comparison, the competitive device was tested using 

its native inverter and control, therefore the number of its 

operational modes was limited to “Min”, “Med” and “Max”. 

Safety requirements dictated that transistor case 

temperature remain below 115 °C to ensure the stiffness and 

mechanical integrity of the plastic parts. With a maximum 

ambient of 50 °C, it  gives a 65°C of allowable temperature 

rise. Since all experiments were conducted at 24 °C and 

standard atmospheric pressure, the maximum permissible  

temperature for inverter switches in the tests was 89 °C. 

B. Experimental Results 

The first series of experiments evaluated the control 

system with modified blocks. Under conventional control, 

very low load torque produces low motor current, thus sensing 

noise heavily distorts the waveform, risking overcurrent faults, 

Fig. 14a. Introducing a minimum current limit  of 1 A 

improves the waveform, Fig. 14b. The conventional S-shaped 

limiter causes a parabolic current increase due to the quadratic 

fan load, Fig. 15a. After modifying the block and adjusting its  

gain based on motor speed, the system load was effectively 

linearized, Fig. 15b. 

The next series of experiments compares the power-speed 

characteristics of the proposed and Samsung drives. The 

results of these experiments are shown in  Fig. 16, which  

demonstrates that the developed prototype outperforms the 

Samsung drive, achieving higher rotational speeds and power. 

Thermal behavior of the inverter switches was evaluated 

under varying suction conditions, simulating changes in  

airflow caused by application, dust level, or debris. Airflow 

was regu lated using circular orif ices of 5, 8, 10, 12, 16, 24 mm 

diameter, representing fully b locked to fully open inlets, with 

intermediate sizes simulating partial blockage. It should be 

noted, however, that even under fully blocked conditions, 

airflow is not completely stopped, as leakage occurs through 

gaps in the VC housing and piping. 

In the first test, the temperature rise  of inverter switches 

for two drives was analyzed for the rated conditions. Motor 

drives operated at its maximum speed n and with an orifice of 

a maximum diameter ⌀or = 24 mm. The results are shown in  

Fig. 17a and b for Samsung and test drives, respectively. It is 

shown that the transistors in Samsung drive heat unevenly 

with a temperature difference of approximately 8 °C, while the 
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Fig. 16. Power-speed characteristics of VC motor drives. 
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Fig. 17. Temperature rising test with ⌀or = 24 mm: a) Samsung VC drive at 

n = 76 krpm; b) Developed VC drive at n = 120 krpm 
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Fig. 18. Temperature rising test of Samsung VC drive at n = 76 krpm: 
a) ⌀or = 16 mm; b) ⌀or = 5 mm 
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Fig. 19. Temperature rising test of developed VC drive at n = 120 krpm: 

a) ⌀or = 16 mm; b) ⌀or = 12 mm; c) ⌀or = 8 mm; d) ⌀or = 5 mm 
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Fig. 14. Operation at low load at 6000 rpm: a) Conventional; b) Improved 
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Fig. 15. Motor phase current at speed increase from 6,000 to 120,000 rpm. 

a) With S-shaped reference limiter; b) With improved reference limiter 



proposed drive switches heat uniformly with a temperature 

difference of approximately 1.5 °C. The h ighest temperature 

among switches was observed at transistor #2 in the Samsung 

drive and transistor #5 in the developed drive. Therefore, they 

may be used as a representative of the maximum temperatures. 

The next thermal test evaluated the Samsung drive under 

two load conditions using 16 and 5 mm orifices. The resu lts of 

the test are shown in Fig. 18a and b. The 16 mm orif ice raised 

inverter temperature to 87 °C, while the 5 mm orifice 

triggered fault detection after approximately 30 s of operation. 

The final test examined the developed drive at maximum 

speed with 16, 12, 8, and 5 mm orifices. The test results are 

shown in Fig. 19a, b, c and d, respectively. It can be observed 

that the inverter temperature exceeds the limit only with 5mm 

and 8 mm orifices; however, thermal protection is not 

activated due to the relatively lower ambient temperature. 

VII. DISCUSSION 

The primary advantage of the proposed integrated motor 

drive is its enhanced cooling, enabling h igher rated power and 

greater suction in a compact form factor. Symmetrical 

placement of inverter switches ensures uniform coolin g, 

reducing operating temperatures and extending lifespan. 

Unlike reference designs with asymmetrical layouts that rely 

on costly metal-case transistors, the proposed layout allows 

standard plastic-packaged switches, lowering cost without 

reducing reliability. Compact, high-integration STSPIN32G4 

controller decreases PCB space and development time, 

resulting insignificant increase of VC competitiveness. 

VC load strongly depends on the airflow in let area and 

decreases as the area shrinks. The most critical thermal 

condition occurs with a fully blocked inlet: lower airflow 

reduces motor load but also decreases cooling efficiency, 

putting the drive and inverter switches at risk of overheating. 

To prevent damage, operating time under blocked conditions 

is st rict ly limited. Thermal safety is typically ensured with 

either motor thermal protection (less common) or a choke 

valve (more common), which activates at a  preset pressure 

difference to maintain minimal airflow for cooling. 

Thermal tests confirm that the integrated drive operates 

stably under a wide range of loads, including partially and 

fully blocked in lets. This improved cooling allows a less 

sensitive choke valve, reducing interruptions while 

maintaining safe operation. 

Mounting the inverter PCB directly on the motor housing 

ensures efficient cooling from high-velocity airflow, 

eliminating the need for heatsinks. Modeling shows a 

comparable natural-air-cooled PCB would require a 50 cm³, 

135 g aluminum heatsink, so this integration saves about $0.4 

per device. So ldering the PCB directly to the motor terminals 

also removes extra wires and connectors, additionally saving 

about $0.4. Therefore, this integrated approach improves 

performance, simplifies assembly, and reduces costs, which is 

beneficial for mass production. 

VIII. CONCLUSIONS 

This study presents the design, development, and 

experimental validation of a high-speed integrated motor drive 

for cordless VC. Using axial integration, the inverter PCB is 

mounted on the motor rear and soldered directly to the 

terminals, reducing wiring, losses, and improving EMI. A 

novel PMSM with a star-shaped stator and toroidal windings 

delivers high power density and enhanced cooling, rotating the 

impeller at 120,000 rpm to provide forced-air cooling. 

The inverter PCB design follows strict constraints on 

geometry and by airflow management ensures uniform cooling 

of 6 MOSFETs, preventing local overheating. A sensorless 

FOC algorithm with speed correct ion and MTPA optimization 

enables efficient operation across varying suction conditions. 

Experimental results show the proposed drive outperforms 

competitive designs in thermal management and efficiency 

while maintaining a compact size, offering a cost-effective 

solution for high-performance domestic and industrial VCs. 
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