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Abstract

Brushless DC (BLDC) is replacing DC motors in wide range of applications such as household appliances, automotive and aviation.
These applications require a very robust, high power density and efficient motor for operation. BLDCs are commutated
electronically unlike the DC motor. BLDCs are controlled using a microcontroller which powers a three phase power
semiconductor bridge. This semiconductor bridge provides power to the stator windings based on the control algorithm. The motor
is electronically commutated, and the control technique/ algorithm required for commutation can be achieved either by using a
sensor or a sensor less approach. To achieve the desired level of performance the motor also can be controlled using a velocity
feedback loop. Sensor less control techniques such as Direct Back Electromotive Force (Back- EMF), Indirect Back EMF
Integration and Field Oriented Control (FOC) are studied and discussed. The speed vs. torque characteristics of several different
sensor less control techniques of BLDCs were studied and compared to the speed vs torque curve of a separately excited DC motor.
Keywords: Adaptive Control, Brushless DC Motors (Bldcms), Sliding-Mode Control (SMC), Switching-Gain Adaptation,
Power Converter and Controller

I. INTRODUCTION

Household appliances are one of the fastest growing markets for BLDCs [1]. Common household appliances which use electric
motors include air conditioners, refrigerators, vacuum cleaners, washers and dryers. These appliances have relied on traditional
electric motors such as single phase AC motors including capacitor- start, capacitor- run motors, and universal motors. However,
consumers now demand better performance, reduced acoustic noise and higher efficient motor for their appliances. Hence, BLDC
have been introduced in order to fulfill these requirements. Brushless DC motors (BLDC) are usually small horsepower control
motors that provide various advantages such as high efficiency, quiet operation, high reliability, compact form and low
maintenance. However, there are disadvantages for the BLDC because of variable speed, and therefore adjustable speed drives
are used to overcome this.

Adaptive robust control (ARC) combining the adaptive control and SMC has been proposed to overcome the drawbacks of the
above techniques in motion systems [9]-[11]. The main idea of it is to design a controller based on SMC to guarantee transient
performance and robustness with unstructured uncertainties. Instead of using fixed parameters to estimate the system model, the
parameter estimation is introduced to update the estimated parameters online to reduce the model uncertainties resulting from
parametric uncertainties. However, the design of switching gain usually has to be conservative in that the gain should be larger
than the upper bound of uncertain disturbance, and the constant switching gain cannot meet the high performance control
requirements because of the disturbance variation under different operating conditions. Then, a switching control with ISMC is
combined to suppress the general disturbance. Furthermore, a dual- directional regulation law independent of the system parameters
is realized in the switching control by the current error integral term of sliding surface estimating the unknown disturbance. As the
switching gain under this law is properly adaptive with the change in disturbance, the high performance control can be achieved
in both the dynamic and static processes.

Fig. 1: Equivalent model of the BLDCM drive system
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I1. PROPOSED CURRENT CONTROL SCHEME

Due to the limitation of measurement, the variation in temperature, and the different rotor positions in the real control, the values
of electrical parameters, such as R and L, may differ from their nominal values, which increase the difficulty in current controller
design. Additionally, the existence of unstructured uncertainties also affects the track performance of the controllers.

To solve these problems, a switching-gain adaptation control (SGAC) is proposed in this paper, as shown in Fig. 2.

€y MRAC

RM L

(7)

EPAL
{ l 0 ) 0; 0_‘
I_{‘\ JI\
Switching control f

R

ksgn(s)

Fig. 2: Block diagram of the proposed SGAC.
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wheree = ix %, and cis the coefficient of the sliding surface.
The proposed control law is designed as
u=ucn—ksgn(s), k=0 ............ (2)
where, Ucn is the continuous control component obtainedby MRAC, Kk is the switching gain that is the coefficient of the
switching control component, and sgn() is the sign function.

I1l. ARCHITECTURE OF THE BLDC SYSTEM

The block diagram of a BLDC motor control system is shown in Figure 3. The four main parts of the BLDC control system are
the power converter, controller, sensors and motor. The power converter is a three phase power semiconductor bridge shown in
Figure 4. The main function of the power converter is to transform power from the DC source to AC so the motor can convert
electrical energy to mechanical energy.

Power Converter

Controller
———] Sensors

Fig. 3: Block Diagram of BLDC Control

The sensor is used to determine the rotor position, and it sends this information to the controller. The controller requires feedback
information about the rotor position so it can generate a pulse width modulation (PWM) duty cycle to power the phases of the
semiconductor bridge. The controller uses a PWM modulator to generate signals which drive the power converter. The internal
block diagram of the power converter and controller is shown in Figure 4.

A new current control scheme incorporating model reference adaptive control (MRAC) and integral SMC (ISMC) with
switching-gain adaptation is proposed for BLDCM. Stability of the overall control system is guaranteed through a Lyapunov
analysis. First, MRAC is designed to approximate the current model with the parametric uncertainties.
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Fig. 4: Internal Block Diagram of the Power Converter and Controller

Then, a switching control with ISMC is combined to suppress the general disturbance. Furthermore, a dual directional regulation
law independent of the system parameters is realized in the switching control by the current error integral term of sliding surface
estimating the unknown disturbance. As the switching gain under this law is properly adaptive with the change in disturbance, the
high performance control can be achieved in both the dynamic and static processes. The speed of a BLDC is directly proportional
to the voltage, and the applied voltage is increased or decreased accordingly. In a PWM controller, the PWM duty cycle controls
the voltage [3]. As voltage is applied, a current flow through the windings of the motor and this current provides torque to spin the
motor. The motor can spin either in clockwise or counterclockwise direction by applying positive or negative voltage.

IV. EXPERIMENTAL RESULTS

To verify the validity of the above control system, the experimental platform with TMS320F28335 as the core processor is set up
in Fig. 4. In this paper, the control frequency is the same as PWM frequency by 20 KHz. The nominal parameters of BLDCM in
experiment are listed in Table 1. In order to reflect the control performance, the torque and speed signals calculated by the processor
are sampled from the D/A converter (DAC). MRAC, ARC with k=1and k = 3, and SGAC are tested in the following experiments,
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Fig. 5: Ekpermetal platform of BLDCM 'conto te. )
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In the different current control schemes, the speed controller uses the same Pl parameters tuned by Ziegler-Nicholsmethod [21]
withKp = 0.000575 and Ki = 0.0046. All four current controllers adopt the same continuous control component ucn, among which
the adaptive gain v is set at 50, and estimated parameters 01 and 62 are limited in [-6, 6].

Table -1
Motor Parameters

Symbol Parameter Nominal value
Un Rated voltage 24V

In Rated current 4A

Iy Rated load 0.23 N-m

"N Rated speed 3000 r/min

R Resistance 0.3168 Q2

L Inductance 0.3307 mH
p Pole pairs 5

The main difference between ARC and SGAC is that the switching gain k is a constant in ARC (ARC with k = 1 and ARC with
k = 3 are employed in the experiments) but is adaptive in SGAC. Actually, MRAC with no switching control component can be
seen as ARC with k = 0. In addition, the traditional sliding surface s = e is adopted in ARC to guarantee the controller stability
under the same continuous control component. The maximum of k is limited to 12, and the parameters ¢, #1, and #2 in SGAC are
selected as 100, 600, 3, respectively.

A. Motor Starting

Fig. 5 shows the experimental waveforms under motor startup with rated load in these four current controllers. In these experiments,
the maximum reference torque is limited to 1.25 times of the rated torque to protect the motor from overcurrent. Since the integral-
type adaptation law of estimated parameters in MRAC needs a convergence process under a step change in the reference torque, a
long settling time (9.22 ms) is taken and a large overshoot (43.1%) is caused during the convergence process in Fig. 6(a).

The switching control combined with MRAC can effectively improve the tracking speed and suppress the disturbance f_ from
the estimated errors. Compared with MRAC, the settling time (3.38 ms) of torque tracking in ARC with k = 1 is shortened and the
overshoot is decreased to 25.7%. By increasing the switching gain, the settling time and overshoot in ARC with k = 3 can be further
reduced (0.84 ms and 7.8%, respectively). In SGAC, the settling time and overshoot of torque tracking are the smallest, which are
0.63 ms and 7.8%, respectively. The above experimental results indicate that increasing the switching gain in ARC can improve
the tracking peed and reduce the overshoot. Also, the proposed SGAC gets the fastest tracking speed and the smallest overshoot
compared with other controllers in the experiments.

The adaptive switching gain k of SGAC in the experiment is shown in Fig. 5(b). k is first regulated to a large value when the
motor begins to start so that the electromagnetic torque can rapidly track the reference one, and the overshoot can be effectively
suppressed. After the torque tracks the reference one, k is adapted to a small value to avoid high-frequency current chattering.
Therefore, the proposed SGAC has such advantages as high tracking speed and small overshoot.

#. Motor Starting with Parameter Errors

Fig. 6 shows the waveforms of motor start-up with 0.9 Q (300% nominal value of motor phase resistance) series resistance per
phase. Other experimental conditions in these experiments are identical with those in Part A. Because the series resistance increases
the damping of motor control system, the torque tracking overshoot decreases in MRAC and ARC with k = 1 compared with Fig.
6(a). In order to realize torque tracking under the condition of increased resistance, the estimated parameters of these four robust
controllers are all increased with different degrees to obtain enough control voltage. In addition, the settling time of the torque
tracking in MRAC, ARC with k =1, ARC with k = 3, and SGAC are 1.58, 1.47, 1.35, and 1.10 ms, respectively. It is because the
switching control component can also improve the control voltage of the motor.
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Fig. 6: Torque response when the motor is starting. (a) Torque and estimated parameters. (b) Adaptive k.

Moreover, the regulating speed of it is far faster than that of continuous control component. Therefore, the larger the switching
gain, the faster the tracking speed is. The waveforms of 1 mH (300% nominal value of motor phase inductance) series inductance
per phase are shown in Fig. 7. Because the increasing inductance weakens the damping of motor control system, the actual torque
cannot trace the reference one in a short time and a large overshoot (39.3%) is caused during the tracking process in MRAC.
Estimated parameters are excessively adjusted in the convergence process, and they need 3 ms to stabilize.

Series inductance also has a bad influence on tracking performance in ARC with k = 1. The settling time in ARC with k = 1
increases greatly from 3.38 to 7.84 ms compared with Fig. 5(a). ARC with k = 3 and SGAC have a strong robustness for 300%
inductance parameter errors, and the settling time of them changes slightly. It shows that increasing the switching gain not only
can improve the dynamic tracking ability of controllers, but also can enhance the robustness of controllers to the system
disturbance. The above experiments of resistance and inductance parameter errors not only further demonstrate the superior
dynamic tracking performance of SGAC but also prove its strong robustness to parameter disturbance.
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Fig. 7: Torque response with 0.9 Q series resistance per phase when motor is starting.
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Fig. 8: Torque response with 1 mH series inductance per phase when motor is starting.

€. Sudden Variation in Load Torque

Fig.9 shows the waveforms of four different controllers at 1000 r/min with full load suddenly removed. When the Output of
current controller is positive; the motor works in positive driving modulation to obtain the positive control voltage. When the
output of the current controller is negative, the motor works in reverse braking modulation to obtain the negative control voltage.
To protect the MOSFET from the narrow pulses, the duty is limited to [0.05, 0.95]. This kind of protection can be seen as an
unstructured disturbance influencing on the controllers’ tracking ability. In addition, the special no load currents also affect the
normal learning of the estimated parameters 61 and 62 in the controllers. In Fig. 8(a), after the load torque is suddenly removed at
t0, the increase in actual speed decreases the reference torque.

Since both the current error and the reference current are positive at this time, MRAC begins to decrease the estimated parameters
by (10) to gain torque tracking. When the sign of reference torque is changed at t1, the negative estimated parameters and the
negative reference torque produce a positive control voltage which causes a positive driving torque in [t1, t2]. After t1, the increase
in estimated parameters decreases the electromagnetic torque and it succeeds in tracking the reference one at t2. However, serious
torque ripple is caused by the fluctuation of estimated parameters in [t2, t3]. ARC with k = 1 can effectively eliminate the positive
driving torque between t1 and t2, but it still has the torque ripple with the time of 0.3 s in the braking process.

In addition, when motor operates with no load after t3, both MRAC and ARC with k = 1 cannot realize the torque tracking. By
increasing the switching gain, ARC with k = 3 can reduce the torque ripple time to 0.2 s in the braking mode, and it can achieve
torque tracking with a little torque ripple under the no-load operation as shown in Fig. 8(c). In Fig. 8(d), the waveforms show that
the proposed SGAC with adaptive k in this paper can not only eliminate the severe torque ripple during the braking operation but
also enjoy a good steady-state performance when the motor operates under no load. And the variation range of speed is the smallest
after full load suddenly removed.

The experimental results show that the proposed controller has better tracking performance compared with others when the
motor works in the braking process or operates with no load. The waveform of the adaptive k corresponding to Fig. 8(d) is shown
in Fig. 9. The switching gain k is first maintained at about 1 before removing the full load, which further demonstrates the good
steady-state performance of SGAC as ARC with k =1 in Part C. After full load suddenly removed at t0, k is gradually increased
to enhance the toque tracking capacity. When the reference torque begins to operate under braking mode at t1, k is rapidly increased
to more than 8 and regulated between 8 and 12 during the whole braking mode.
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Fig. 9: Steady performance of different current controllers with full load. (a) MRAC. (b) ARC with k = 1. (¢) ARC with k = 3. (d) SGAC.
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Fig. 10: Torque responses of different controllers with full load suddenly removed. (a) MRAC. (b) ARC with k = 1. (c) ARC with k = 3. (d)
SGAC.
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Fig. 11: Adaptive k in SGAC with full load suddenly removed.

This explains why no severe torque ripple is produced during the braking process in SGAC, unlike MRAC and ARC. Finally,
after the reference torque returns to the positive driving mode, Kk is fast adapted and stabilized to about 3 to ensure a good tracking
performance under no load.

V. CONCLUSION

This paper has presented a SGAC scheme which includes an MRAC component for parametric uncertainties and a switching
control component for the unstructured uncertainties and estimated errors of MRAC. Based on the general disturbance estimation
obtained by the current error integral term in sliding surface, a novel SGAL is proposed in the switching control component. With
this law, the variation in general disturbance in different operating conditions, such as motor starting, steady state operation, and
sudden change in load torque, can be effectively eliminated. Specifically, the switching gain stabilizes at a small value when the
motor operates on steady state. Also during the transient operation of motors, it is regulated rapidly to ensure a fast torque tracking.
Experimental results demonstrate that the controller combined with these two control components not only reduces the current
chattering to guarantee the steady-state accuracy but also improves the tracking speed to achieve a good transient performance.
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