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Abstract— This paper presents the implementation and 

experimental validation of a current regulation method for a 

brushless DC motor driven by a trapezoidal, six-step commutation 

scheme. The proposed approach uses a series-form PI controller 

designed from a first-order electrical model of the motor winding. 

The method is implemented on a custom motor driver using Hall 

sensor commutation, unipolar PWM switching, synchronized ADC 

current sampling, and digital current filtering. Experimental step 

responses for several calculated gains show stable current 

regulation with negligible steady-state error. The presented 

approach provides a simple and practically applicable tuning 

procedure for BLDC current loops using trapezoidal 

commutation. 
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I. INTRODUCTION

Brushless direct current (BLDC) motors are widely 

used in electromechanical actuation systems, including 

industrial, automotive, aerospace, and medical applications, due 

to their high reliability, high power density, good dynamic 

response, and reduced maintenance requirements compared 

with brushed DC motors [4], [6]. Since BLDC motors do not 

use mechanical commutators, the commutation process must be 

performed electronically by means of an inverter and an 

appropriate control algorithm. 

In the case of BLDC motors with trapezoidal back-

EMF, the most commonly used control method is trapezoidal, 

or six-step, commutation. This method is attractive because of 

its simple implementation, low computational requirements, 

and compatibility with Hall sensor rotor-position feedback [3], 

[4], [6], [7]. The term trapezoidal refers to the shape of the back 

EMF waveform that the control method is designed to work 

with. The other term for the commutation scheme is six-step 

which comes from the fact that the controller needs to switch 

phase pairs every 60 electrical degrees, which means six times 

over one electrical revolution.  
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Conventional BLDC drives with trapezoidal 

commutation are mostly used in speed-controlled applications 

[2]. In such applications, the speed controller can directly 

determine the PWM duty cycle, i.e. the average voltage applied 

to the active motor phases [2], [6]. Then there is a great number 

of position control applications that can be done with 

trapezoidal commutation, mostly those with high gear ratio at 

motor output that does not require very high precision at gear 

output position. Also, torque control applications can be done 

with trapezoidal control scheme. Both require current 

regulation. Most speed control applications can benefit from 

current regulation.  

This paper will address one method for current 

regulation of BLDC motor with trapezoidal commutation 

scheme. 

II. BASICS OF TRAPEZOIDAL COMMUTATION

There are three Hall effect sensors which are placed 

electrical 120° apart from each other. Depending on the 

manufacturer they are mostly designated 1,2 and 3 or A, B and 

C. With sensors being placed as such, it is possible to detect a

change in position every 60° electrical. This principle can be

seen on Fig.1.

  Fig. 1. Motor electrical degrees to Hall effect sensor relationship [7] 
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To drive any BLDC motor, a 3 phase H-bridge is 

needed, Fig.2. The H-bridge system uses a high-side and low-

side transistor for each of the phases allowing it to control the 

direction of the current flowing into and out of the motor 

winding. This creates positive and negative magnetic flows that 

placed in the proper order create flow vectors that cause 

movement [4]. 

All six transistors of the three phase H-bridge are 

turned on and off to create a commutation pattern and allow the 

movement of the motor. The voltage on the motor phases  

 
 

Fig. 2. Three-phase H bridge [4] 

 

passing through the H-bridge is regulated using pulse width 

modulation (PWM) switching. There are two types of switching 

techniques, unipolar and bipolar. Bipolar refers to that both low-

side and high-side of the three phase H-bridge are being 

controlled with complementary PWM switching. Unipolar 

means that only high-side transistors are being controlled with 

PWM, while low-side are either fully on or off. In this paper 

unipolar switching is used.   

Hall sensor readings create six different combinations 

that determine the sequence of transistor switching. The states 

in which all three Hall sensor readings are high or low indicate 

a fault condition. 

 
TABLE I. COMMUTATION SWITCHING PATTERNS 

 
Hall 

Sensor A 

Hall 

Sensor B 

Hall 

Sensor C 

Phase A Phase B Phase C 

1 0 0 −Vdc +Vdc NC 

1 0 1 NC +Vdc −Vdc 

0 0 1 +Vdc NC −Vdc 

0 1 1 +Vdc −Vdc NC 

0 1 0 NC −Vdc +Vdc 

1 1 0 −Vdc NC +Vdc 

 

III. CURRENT REGULATOR DESIGN 

 For current regulator series form of proportional – integral 

(PI) regulator is chosen. The diagram of this regulator is given in 

Fig.3. It offers good performance with simple tuning.  

 

Fig. 3. Series form of PI controller [5] 

 

Here, the motor winding is represented as a simple 

series circuit containing a resistor, an inductor, and a back 

electromotive force (EMF) voltage source. If we assume that 

back EMF is constant, we can define transfer function from 

motor voltage to motor current: 

 

                                    
𝑖𝑎(𝑠)

𝑉(𝑠)
=

1

𝐿𝑎𝑠+𝑅𝑎
                         (1) 

 

Or in another form: 

                                        
𝑖𝑎(𝑠)

𝑉(𝑠)
=

1

𝑅𝑎

1+
𝐿𝑎
𝑅𝑎

𝑠
                         (2) 

 
Open loop transfer function from Figure 3. can be 

written as: 

 

             𝑊𝑜𝑘(𝑠) = 𝑃𝐼(𝑠) ∗
𝑖𝑎(𝑠)

𝑉(𝑠)
=

𝐾𝑎𝐾𝑏(1+
𝑠

𝐾𝑏
)

𝑠
∗

1

𝑅𝑎

1+
𝐿𝑎
𝑅𝑎

𝑠
   (3) 

 

The closed-loop transfer function is obtained using 

standard feedback control relations [1]: 

 

            𝑊𝑟𝑠(𝑠) =
(1+

𝑠

𝐾𝑏
)

(
𝐿

𝐾𝑎𝐾𝑏
)𝑠2+(

𝑅

𝐾𝑎𝐾𝑏
+

1

𝐾𝑏
)𝑠+1

                (4) 

 

There are two poles in closed loop transfer function. 

We will put the denominator in factored form: 

 

                       (1 + 𝐶𝑠)(1 + 𝐷𝑠)                                (5) 

 

Where C and D are real numbers. The goal is to select 

𝐾𝑎  and 𝐾𝑏  in such a way that poles of closed loop transfer 

function be real. To achieve this the following condition must 

be achieved: 

 

                           
𝐿

𝐾𝑎𝐾𝑏
= 𝐶 ∗ 𝐷                                    (6)        

 

                       
𝑅

𝐾𝑎𝐾𝑏
+

1

𝐾𝑏
= 𝐶 + 𝐷                              (7) 

 

If we equate the terms from last expression and place it 

back in factored form of closed loop transfer function, we get 

the following expression: 

 

                        𝑊𝑟𝑠 =
1

1+
𝑅

𝐾𝑎𝐾𝑏
𝑠
                                 (8) 

 

This substitution achieved an expression where a pole 

and zero cancel each other out in closed loop. For the controller 

gains following expression apply: 

 

                             𝐾𝑏 =
𝑅

𝐿
                                        (9) 
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And when we substitute previous expression in closed 

loop transfer function expression we get: 

 

                      𝑊𝑟𝑠 =
1

𝐿

𝐾𝑎
𝑠+1

                                (10) 

 

Which means that gain Ka directly sets the bandwidth 

of the system [5]: 

 

         𝐾𝑎 = 𝐿 ∗ 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ[𝑟𝑎𝑑/𝑠]           (11) 

 

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS 

The motor used for the experiment had the characteristics 

shown in Table 2.  

 
                               TABLE II. MOTOR PARAMETERS 

 
Motor parameter Value Unit 

Nominal voltage 48 [V] 
Nominal current 21.3 [A] 
Terminal resistance 0.0718 [Ω] 
Terminal inductance 0.221 [mH] 
Mechanical time constant 0.48 [ms] 

 

The microcontroller used for the driver is iMXRT1176 

from NXP. Driver electronics used is custom designed.  

Current measurement is done on two phases between 

MOSFET low-side and ground with Hall effect current sensors 

which output analogue signal directly proportional to passing 

current. The ADC conversion was timed with PWM via 

interrupt. Current measurement filtering is done with digital 

implementation of simple first order infinite impulse response   

(IIR) low-pass filter: 

 

          𝑦[𝑛] = (1 − 𝛼)𝑦[𝑛 − 1] + 𝛼𝑥[𝑛]                   (12) 

 

As said previously, current is measured on two phases. 

The current in the third phase is calculated from condition that 

the three phase currents sum to zero: 

 

                       𝐼𝐶 = −(𝐼𝐴 + 𝐼𝐵)                                 (13) 

 

Current is regulated only on one phase at the time. 

Active current for feedback is determined from Hall position 

sensor measurement using pattern from Table 3. 

 
                     TABLE III. CURRENT MEASUREMENT PATTERN 

 

Hall Sensor A Hall Sensor B Hall Sensor C Active phase 

1 0 0 B 

1 0 1 B 

0 0 1 C 

0 1 1 C 

0 1 0 A 

1 1 0 A 

 

Using expression for controller gains we get the 

following value for 𝐾𝑏: 

 

𝐾𝑏 = 324 [/] 

 

After 𝐾𝑏 is calculated from the motor electrical 

parameters, the desired current-loop bandwidth is selected in 

order to calculate 𝐾𝑎. The electrical time constant for this motor 

is 𝜏𝑒 = 3𝑚𝑠. The natural electrical bandwidth of the motor is  

 

                                         𝑓 =
1

2𝜋𝜏𝑒
≈ 53 𝐻𝑧                          (14) 

 

We will try to tune the controller for several different 

values of bandwidth. Here are the calculated gain values: 

 
                TABLE IV. CALCULATED CONTROLLER GAINS 

 
Bandwidth [Hz] 𝑲𝒂 gain value [

𝑽

𝑨
] 

50 0.07 

100 0.14 

200 0.28 

500 0.69 

 

Fig. 4 shows the steady-state part of the current step 

responses for different values of the proportional gain Ka. The 

current reference was set to 5 A, while the motor shaft was 

mechanically blocked during the test. The responses show that 

all selected controller gains provide stable current regulation. 

The steady-state error is close to zero for all tested cases, which 

confirms that the integral action of the PI controller successfully 

compensates the steady-state error. 

The remaining high-frequency oscillations visible in 

the measured current are mainly caused by ADC current 

measurement noise and by the digital current feedback path. 

Since the motor was blocked during the test, the influence of 

back-EMF was minimized, and the obtained response primarily 

reflects the behavior of the current loop and the electrical 

dynamics of the motor winding. 

 

     
Fig. 4. Step responses steady state 

 

Fig. 5 shows the transient part of the current step 

responses. As expected, increasing Ka reduces the current rise 

time, because Ka directly determines the selected current-loop 

bandwidth according to the tuning procedure given in (11). The 

response remains stable for all tested gain values, and no 

significant overshoot is observed even for the highest tested 

gain. 

However, the experimentally achieved bandwidth is 

lower than the bandwidth used for calculating the controller 
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gains. This difference is caused by effects that are not included 

in the simplified first-order winding model, such as motor 

electrical limit, voltage saturation, measurement filtering, 

computational delay, and ADC sampling which introduces 

delay. 

The gain Ka = 0.69 gives the fastest response, but it 

also provides the smallest robustness margin and the highest 

sensitivity to measurement noise and implementation delays. 

Therefore, this value is not the best default choice for practical 

operation. Based on the blocked-rotor step-response tests, the 

gain corresponding to the 200 Hz design bandwidth, Ka = 0.28, 

represents a practical compromise between response speed, 

robustness, and noise sensitivity. 

 

   
 

Fig. 5. Step responses transient state 

V. CONCLUSION 

This paper presented the design and implementation of 

a PI current regulator for a BLDC motor driven by a trapezoidal 

six-step commutation scheme. The regulator was designed 

using a simplified first-order electrical model of the motor 

winding. The PI controller zero was selected according to the 

motor electrical pole, while the proportional gain was calculated 

from the desired current-loop bandwidth. The method was 

implemented on a custom motor driver based on the NXP i.MX 

RT1176 microcontroller, using Hall sensor commutation, 

unipolar PWM switching, synchronized ADC sampling, and 

digital filtering of the measured phase currents. 

The experimental blocked-rotor step responses 

confirmed stable current regulation for all tested controller 

gains. The steady-state error was close to zero, which confirms 

the effectiveness of the integral action. Increasing the 

proportional gain reduced the current rise time, as expected 

from the theoretical tuning procedure. However, the 

experimentally achieved bandwidth was lower than the 

calculated value because of practical implementation effects 

such as voltage saturation, ADC sampling delay, computational 

delay and measurement filtering. 

The main advantage of the proposed approach is its 

simplicity. The current regulator can be added to an existing 

Hall-sensor-based trapezoidal BLDC drive without changing 

the basic commutation algorithm. This makes the method 

suitable for applications in which trapezoidal commutation is 

sufficient, but where an inner current loop is required for torque 

limitation, cascaded speed control, or cascaded position control. 

The main limitations of the proposed approach are 

mainly related to the trapezoidal six-step commutation scheme. 

Since the active phase pair changes every 60 electrical degrees, 

current ripple and torque ripple can occur around commutation 

instants. In addition, the simplified RL winding model is most 

accurate when the motor is blocked or operating at low speed 

while at higher speeds the accuracy of the predicted current-loop 

dynamics is reduced. 

Future work can include current-loop validation during 

motor rotation, testing under different load conditions, and 

analysis of current ripple around commutation instants. 
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