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Abstract: In this study, a stepper driver, which is suitable for use in the automotive industry, de-
signed for general use, capable of adaptive learning in the system in which it will be used, with
CAN and Universal Asynchronous Receiver-Transmitter (UART) communication options, has been
designed. This design is made with PIC18F25K22 Micro Controller Unit (MCU). Rotor speed, arma-
ture current, and terminal voltage can be measured on the proposed brushed DC motor drive sys-
tem. It gives the desired response by evaluating the obstacle and high current situations. The speed
measurement of the vehicle and the open and closed status of the automatic door can be monitored.
Main contribution of the designed PCB is Adaptive Learning Algorithm (ALA) which uses pulses
of the encoder and estimates position of the step and manage operation process to prevent mechan-
ical damage at final point of the motor. On the other hand, unexpected hitting and pinching can be
kept under control by watching current value. Beneficial side of this method is that life of the me-
chanical step increases due to management of the forward and backward operation of the step and
prevents potential accidents.

Keywords: Embedded Systems, Brushed DC Motors, Industrial Applications, Universal Motor
Drive, Power Converter Design

Brushed DC motors which are used in many subsystems in industries have become
indispensable among the subcomponents because of their advantages as controlling in a
wide speed range, having high starting and accelerating torques with good speed
regulation, driving with cheaper and simpler drive systems compared to AC motors [1-
2]. Especially in automotive industry it is a crucial problem that the brushed DC motor
drive design used to control speed, position and direction of the brushed DC motors must
be cost-effective, applicable to lots of components of a product i.e. door, mirror, seat etc.,
and has a high quality feature.

As mentioned in [3], in systems that provide driving of light loads, motion
capability can be provided by open-loop control of the armature voltage, while in systems
that provide driving of heavy loads, closed-loop speed control is required. Because the

position of the load and the location of the center of gravity are important factors in speed
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control. Automatic door steps or door systems used in the automotive industry are also
examples of this situation.

In drive systems where closed-loop speed and position control is performed, hall-
effect sensors or encoders are needed for position and speed information. However, it is
emphasized in the literature that these sensors increase the system cost and complexity
and that these sensors are affected by the operating conditions both physically and
magnetically. For this reason, speed-sensorless systems have been widely recommended
recently. Speed-estimation methods can be classified into two groups as stated in [4]. First
group is dynamic model-based observer/estimator and the second group is based on
holding down and counting the ripple components of the stator current of the motor [1].

In [5], linear brushed DC motor dynamic model-based estimator is proposed in order
to estimate the motor speed. But linear model-based estimator proposed in [5] is sensitive
to variations of resistance, inductance and back electromotive force (EMF) of the brushed
DC motor occuring due to the operating conditions. Furthermore, other methods which
are based on nonlinear model of the brushed DC motor or indirectly model the motor such
as Kalman filter and neural network [6-8] have more stable estimation performance regard
to the linear model-based estimator by estimating the other parameters or states of the
brushed DC motor. Bu this estimators have more complexity and require expertise.
Therefore, it is difficult to implement in real-time brushed DC motor driver proposed for
industrial systems.

In addition to the methods mentioned above, ripple components counting methods
[9-11] that are considered in the second group and in which the DC component and AC
component also known as the ripple component in the measured motor current are
analyzed and the motor speed information is obtained with the ripple component numbers
are also proposed in the literature. In [9], the ripple components of inductive current of the
brushed DC motor measured when the motor is at standstill. In [10-11], stator current
spikes are determined and counting with the propose of speed estimation while the
brushed DC motor is operating in a range of speed. All the proposed ripple counting
methods require different filter structures to count the ripple components of stator current
of the brushed DC motor. The development process of these filter structures includes some
difficulties, the hardware design of the drive system becomes complex and the software
load and computational burden increase.

Speed control of brushed DC motors is achieved by changing the armature voltage
in the operating range up to the rated speed, while it is achieved by weakening the flux in
the field windings above the nominal speed. Different power electronic circuit topologies
are required to provide control in both regions [12]. DC motor drives can be classified into
two groups as regenerative and non-regenerative, according to their regenerative braking
capabilities, and they are also classified according to their input soruces as AC or DC
powered [2]. Drive systems that provide control in four quadrant and regenerative braking
have more complex structures than the drive systems where the control of the direction of
motor speed and induced torque can be provided by reversing the output terminal voltage

of the converter with semiconductor or electromechanical switches in first and/or third
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83 quadrant. In the drive systems having three-phase or one-phose AC supply, controlled

84 rectifier topologies are used, while PWM-controlled isolated (boost, Zeta, Sepic, Cuk) and

85 non-isolated (flyback, forward, push-pull, bridge, interleaved) DC-DC converters are used

86 in drive systems supplied by DC bus voltage [13-14]. DC-DC step-up converter are

87 preferred for several applications in a wide power-range icluding low-power to high-

88 power because of their essential control and circuit design and simple modelling.

89 Among step-up converters, due to its simple structure and low cost design, boost

90 converters are recommended in many industrial applications requiring low power and

91 practical applicability. In [13, 15], many different approaches proposed in the literature on

92 boost converter structures are examined, and the difficulty in preventing power losses

93 during switching is stated as a disadvantage. However, it is stated that this problem can

94 be solved by performing different soft switching techniques proposed in the literature [16-

95 17]. The DC-DC boost converter can operate with high switching frequencies by providing

9 the switching under zero voltage with snubber circuits one of the soft switching techniques.

97 Thus the cost and the size of the converter design can be minimized as desired by the

98 industrial manufacturer [18].

99 Another widely preferred driver system in brushed DC motor control is the PWM
100 controlled chopper-based power electronics topology [2, 19, 20]. Chopper-fed brushed DC
101 motor driver systems having less complex control characteristic than the other non-
102 isolated power converters are mostly preferred in industrial driver systems where control
103 is performed only in the first and third quadrants. In the literature there are lots of study
104 to improve the control ability and efficiency of the chopper-fed brushed DC motor drive
105 circuits as proved and examined in [12]. These driver systems are based on the application
106 of the chopper's supply bus voltage to the motor armature terminals with PWM, and for
107 this reason, motor control can only be provided at voltage values below the supply bus
108 voltage value in these types of driver systems. However, driver systems used in the
109 industry require designs that will allow motor terminal voltages to exceed the nominal
110 value with a certain tolerance in order to meet short-term high torque demands which
111 occur depending on the operation conditions. In addition, design simplicity, ease of control,
112 low cost and minimal size requirements are among the requirements of the industry.
113 Considering these requirements, the bus voltages of chopper-based drivers need to be
114 increased at the time of instant high torque demand. Especially the consistent variable
115 operating conditions in the automotive industry are a factor on this necessity. Furthermore,
116 in the automotive industry, it is demanded that a designed brushed DC motor driver be
117 applicable to different systems and that this driver works stably with the controlled
118 systems. For example, it is desired by the automotive manufacturer that a designed motor
119 driver be usable in both sliding door systems, under door step systems, air conditioning
120 systems, window and mirror automatics, and seat positioning systems. In addition, motor
121 drive systems that provide repetitive movement on these moving systems must complete
122 a previously determined task within a certain time and in a limited motion planning.
123 Because of this, proposed and designed motor drive systems must have high-performance

124 position and speed control capability.
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125 The repetitive motion and positioning process realized with a brushed DC motor
126 needs to be trained to the motor drive systems, thus ensuring a stable operating
127 characteristic and detecting the possible errors and challenging situations that may occur
128 during operation and terminating or changing the direction of the motor. Detailed studies
129 on artificial intelligence and machine learning methods proposed in the literature for
130 motion and position mapping processes in systems with repeated movement capabilities
131 in various industrial fields such as mobile robots, robot arms, micro robots, automatic
132 doors, autonomous vehicles, where DC motors and servo motors are mostly preferred, are
133 presented in [21-28]. In artificial intelligence and machine learning-based methods such as
134 rainforcement learning, supervised learning, deep learning, machine learning, learning
135 from demonstration, neural network, and fuzz Q-learning suggested in the literature,
136 online and offline trainings are carried out for the purpose of motion and position mapping
137 with data obtained from measurements on controlled electromechanical systems. But the
138 proposed artificial intelligence and machine learning-based training methods require
139 expertise, lots of measured datas for best training, and their implementations are difficult
140 with industrial microcontrollers because of their stochastic and mathematical complexity
141 and they require micro computers having high memory capacities.

142 Especially in automotive industry it is exigence that the electromachanical system
143 control including motor control and trainings for motion mapping are accomplished with
144 the industrial microcontrollers having limited memory capacities and peripheral units. In
145 this study, a low-cost brushed DC motor drive system is designed with a completely
146 industrial approach by using a commercial industrial microcontroller Microchip's
147 PIC18F25K22. The proposed drive system needs only the speed and motor current
148 informations obtained from the motor shaft and armature terminal with an hall-effect
149 sensor and a high precision hall-effect current transducer, respectively, in order to
150 implement a novel adaptive learning approach for motion mapping and a stable repetitive
151 operating characteristic of moving mechanical system of an under door step used in
152 automotive inudstry. The main contributions of the proposed study are given as follows:
153 e A PWM controlled DC-DC chopper based brushed DC motor driver which
154 DC bus voltage can be increased with boost converter is developed using the
155 DC-DC boost converter topology. Thus, a simple and stable driver structure
156 is developed, and a completely industrial solution for automotive
157 manufacturing is presented that can provide torque demand and speed
158 control in the movement difficulties that occur depending on the operating
159 conditions.

160 e The operating range and motion mapping of the motor driver that provides
161 control of the electromechanical system can be determined with a simpler
162 learning algorithm, unlike the artificial intelligence-based learning
163 algorithms available in the literature.

164 e In order to verify that the proposed driver has long-term durability in
165 industrial applications, the driver system has been subjected to 100000 cycle

166 tests on the test setup created with the under door step mechanical system,
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and tests with such long cycle times have been carried out for the first time
in the literature.

e  With the proposed brushed DC motor driver, due to the variable output
power it is possible to provide mobility to different mechanical systems in
the automotive industry.

This paper is organized as follows. After problem definition and the literature review
in introduction, structure of the proposed drive system is introduced in Section 2. Section
3 describes the hardware design procedure of the proposed driver and the proposed novel
ALA method that is simple and does not require heavy computational burden.
Experimental results of the proposed drive system are given in Section 4. Conclusions and
discussions are given in Section 5. The patent application related to the study is presented

in Section 6.

2. Structure of the Proposed Drive System

Structure of a brushed DC motor is shown on Figure 1. Stator is the part of the
brushed DC motor covers rotor and generates magnetic fields by using windings or
magnets. Rotor or armature is a part which uses windings to be energized and rotates into
the stator. Commutator is the part of the motor that ensures switcing of the poles and is

located on the axle. Brushes are made of carbon and moves on commutator.
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Figure 1. Brushed DC Motor.

General scheme of the system is explained in Figure 2.
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Figure 2. General scheme of the System.
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191 Electronic subsystems used in the automotive industry usually use 12 V DC voltage.
192 When a DC motor is examined, 120 VA power is consumed if 10 A current is drawn when
193 12 V voltage is applied. In the steady-state of the motor, 2-3 A of current is drawn. Since
194 the DC motor is used in places where high torque is required, current is drawn several
195 times more than the nominal load current of 10 A in cases such as transient state includes
196 starting under load torque or overload due to an obstacle during operation. In direct
197 current machines, the current drawn increases even more as the speed decreases. When
198 the DC motor starts to operation, we encounter a torque arising from the inertia of the
199 moving parts and the load. In order to start and accelerate, enough power must be applied
200 to overcome this force, enough energy must be expended to overcome the potential caused
201 by inertia and acceleration must be provided. These reasons may cause the DC motor to
202 draw current up to several times its nominal current during the start. In a DC motor drive
203 that can operate without ignoring these situations, the effects of these situations can be
204 sensed, detected and eliminated with a MCU. In addjition, this situation directly effects the
205 structure of the design.

206 For the nominal operation of the DC motor, the harness between it and the 12 V
207 power supply is generally capable of carrying 15-25 A. With the existing cable cross-
208 sections used in automotive, the existing cable cross-sections will not be sufficient for the
209 operation of the DC motor that will come in an optional product. For this reason, during
210 the start of a 120 VA motor, the voltage at the motor terminals remains below 12 V. In
211 addition, since the low voltage causes low speed, the motor has to draw much more
212 current than necessary. In oorder to achieve the start-up process in a healthy way, it is
213 necessary to ensure that the motor voltage is at least 12 V. For this reason, the bus voltage
214 of the DC-DC chopper circuit can be controlled by a boost converter in which the PWM
215 signals generated with MCU. With the boost converter, 20% more than the motor nominal
216 voltage is generated and when applied to the motor, the motor speed is increased and the
217 time consumption of the repetitive operation can be decreased and thus time depending
218 operating scenario which described with users can be optimized.

219 In the proposed drive circuit in order to keep the bus voltage of the DC-DC chopper
220 upper or equal to 12V, the proposed boost converter is activated especially during starting
221 of the electromechanical system. In this case, during the motor nominal voltage can be
222 kept at the nominal level, higher current is drawn from the input. With the MCU-based
223 closed-loop control system, the bus voltage of the DC-DC chopper and output voltage of
224 the boost converter can be measured and evaluated according to the situation. Control of
225 the bus voltage of DC-DC chopper circuit, software controlled power modulation
226 according to the current drawn from the source, it is possible to prevent excessive low
227 voltage at the input. These are protection techniques that can be provided with software.
228 MOSFET is preferred as the switching element to control the output voltage of the
229 boost converter. The gate voltage required for MOSFETs is used from the voltage
230 generated from any other the boost circuit which is designed for voltage level shifting of

231 the PWM outputs of the MCU. This voltage is measured approximately 15 V and the
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232 mosfet driver is fed with this voltage. The required PWM is applied to the MOSFET by the
233 MCU.

234 With the purpose of changing the direction of the DC motor, double contact relays
235 are used to change the direction of the armature current of the brushed DC motor so that
236 the motor can rotate in both directions. These relays have an operating voltage of 12 V.
237 While the motor is kept stationary or need to be stopped immediately, the contacts of the
238 relays are connected in such a way as to short-circuit the motor armature terminals.

239 In addition to the rotation selection of the relay circuit, there is a DC-DC chopper
240 circuit in which the output voltage is chopped and the power can be controlled with a
241 MOSFET switched by PWM signal generated by the MCU in the form of different duty
242 ratio (D) at constant frequency. The output voltage of the DC-DC chopper which is applied
243 through the motor armature terminal can be detected by the MCU with coltage
244 instrumentation unit designed with a differential amplifier circuit. Furthermore, filtering
245 and snubber circuits are used to provide the soft switching under zero voltage.

246 In order to provide closed-loop control, a hall-effect current transducer is used to
247 measure the current through the motor terminals. There is also a hall-effect sensor on the
248 motor shaft that generates 6 pulses at each full revolution by using 6 magnets mounted
249 around the motor shaft. The motor driver is expected to receive motion information via
250 the hall-effect sensor until a certain power is reached within a certain period of time, and
251 motion and speed control can be performed by interpreting whether this signal is due to a
252 stall effect or not with the MCU.

253 It is seen from the Figure 2, during the normal operation condition in which the
254 driver needs rated 12 V bus voltage (Vsurrry), speed control of the brushed DC motor is
255 possible with help of DC-DC chopper and the average output voltage (Vaverace) is
256 obtained with PWM at constant frequency and variable D in the proposed drive system.
257 In DC-DC converters the main consideration is that low frequency may cause noisy motor
258 response while high frequency control increases switching losses for switching
259 components (MOSFET and BJT). The switching frequency ranging from 4 kHz to 20 kHz
260 is considered as ideal range to avoid mentioned disadvantages. As mentioned before D
261 symbolizes duty ratio of the PWM signal and multiplication of D by VsuerLy gives Vaverace
262 as follows [29]:

263

264 Vaverace = D x VsuppLy 1)

265

266 Boost converter is responsible for increasing an input voltage to a higher output
267 voltage level. The energy is transferred to the output when the switching component is not
268 conducting. Boost converter’s source voltage (Vs), output voltage (Vo), inductor(L) value

269 and capacitor(C) and current ripple (AlL) are calculated as given below [30].
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271 Figure 3. Boost Converter basic principles.
272 Output voltage and input voltage relation given as Eq.2
=V
273 Vo, = P (2)
274
275 Minimum L value for the frequency calculated as Eq.3
D)2«
276 Lin = % (3)
277 Continuous Current has calculated in Eq.4
= Vs
278 I, = DR 4)
279 To calculate range of the current given as Eq.5
_  (Vs*D+T)
280 Al = =S ()
281
282 Minimum capacitance value can calculated as Eq.6
D
283 = Aoy . (6)
R(W)*f
284 3. Hardware Design Procedure of the Proposed Driver and the Novel Adaptive Learn-
285 ing Method
286 Considering the software design, Microchip's low power consumption PIC18F25K22
287 microcontroller recommended for automotive designs is used in the proposed drive
288 system. While chosing PIC18F25K22 micorcontroller, the internal peripherals of the
289 microcontroller such as Timer, number of Analogue to Digital Converter (ADC) and PWM
290 outputs are taken into consideration.
291 The main function of the designed brushed DC motor driver is to control the
292 direction and speed of the motor which is mounted on the step to provide movement to
293 the step under the door in a way to keep this driver and the upper system from which it
294 draws power stable. Apart from these functions, the temperature is also continuously
295 monitored. The step operates according to the limit switch data obtained from the
296 automatic door of the vehicle. According to the status of this data, the necessary process is
297 operated in the software loop. Another feature is that the speed of the vehicle is monitored

298 and if the step is at on position over a certain speed, the off command will be sent.
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299 In the proposed motor driver design, 2 communication protocols are used. One of
300 them is the UART protocol, which can be monitored from computer ports with a very easy-
301 to-find hardware such as USB cable, which is easy to monitor and widely useful with its
302 simple structure. By using UART, armature current, armature voltage, DC bus voltage of
303 the DC-DC chopper which is amplified with boost converter if it is necessary, motor speed
304 measured by collecting the data of hall-effect sensor mounted on the shaft can be
305 monitored. Another protocol is the CAN communication protocol, which is so common in
306 the automotive industry that it can be considered indispensable. The designed hardware
307 of the driver also supports this option.

308

309 3.1. Embedded System Design

310 Designed brushed DC motor driver has a modular structure. The DC link bus voltage
311 of the DC-DC chopper can be controlled with a boost converter circuit. So, the speed of the
312 brushed DC motor can be adjusted and the timing of the desired repetitive motion scenario
313 can be adjusted practically by increasing the DC link bus voltage voltage. The current
314 drawn by the motor is instantly captured and sent via UART. The input voltage of the
315 driver and the DC link bus voltage of the DC-DC chopper increased by the boost converter
316 are also captured and sent via UART. The temperature of the driver is continuously
317 monitored with the help of Negative Temperature Coefficient thermistor (NTC). The
318 position status of the motor is monitored with the help of the hall-effect sensor, and thus
319 the status of the motor reaching the first and final position can be observed. CAN and
320 UART communication protocols have been used so that the system can communicate with
321 the main control system. The brushed DC motor is started to run when an external
322 command triggers the driver, and then, in case of a problem due to current or the position
323 of the motor, it moves in the opposite direction and returns to its initial position. So, it
324 protects both the user, the motor driver hardware, mechanical system, and the electronic
325 supply of the vehicle by preventing problems such as jamming, squeezing and excessive
326 current. Another important function of the designed driver is to learn the maximum
327 distance that the motor can drive step during the first start-up by making adaptive control
328 and configuring its own settings accordingly. So, the limits of the step controlled by the
329 brushed DC motor can be learnt and the acceleration and braking processes of the motor
330 can be managed accordingly. Another advantage is that it can adapt to different systems
331 and when it is used in a different system such as wiper, tailgate, etc., it will be able to learn
332 its own limit and make acceleration and braking configurations accordingly.

333 The poposed driver is designed with the purpose of closing the door step
334 automatically when a certain speed is reached by detecting the speed of the vehicle by
335 receiving data from the vehicle's shaft. Another feature of this driver is that it monitors the
336 status of the door with the help of a limit switch and automatically opens the step when
337 the door is opened. Thus, when the door is opened, the step will open automatically
338 without waiting for another command. The speed and position of the motor are
339 determined by counting the hall-effect signals. The output torque of the motor required to

340 open the step can be increased with a reducer while the shaft speed of the motor decreases.
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341 3.2. Adaptive Learning Algorithm

342 Thanks to the hall-effect sensor mounted on the motor shaft, the mechanical speed of
343 the motor can be obtained by counting the output signal of the hall-effect sensor. Thus, so
344 that it can be calculated how much angle of movement is provided by the brushed DC
345 motor while the door step is opening.

346 Figure 4 shows the flow chart of the ALA that automatically adjusts the working
347 process of the motor driver system according to the limit value received from the hall-
348 effect sensor. After the motor driver is mounted on the vehicle in which it is used, when
349 the DC Motor is first started, the movement limit values are determined by monitoring
350 only the current value drawn from the source and the hall-effect sensor data without any
351 movement scenario. The hall-effect sensor data at the last detected point is temporarily
352 recorded and the step returns to its initial position. Since the distance of the movement in
353 both forward and reverse directions must be equal or very slightly different, the last values
354 obtained from the hall-effect sensor as a result of the forward and reverse movement are
355 compared. If the specified condition is not met, the algorithm does not exit the loop and
356 tries to determine the correct data by working in the forward and reverse directions again.
357 When a full match occurs between the forward and reverse movements or a deviation
358 within the specified threshold value, the limit point data received from the hall-effect
359 sensor is recorded in permanent memory. With the determination of the movement limits,
360 the soft start, constant speed and soft deceleration and stopping operations of the motor
361 are automatically configured.

362
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364 Figure 4. Movement and position learning algorithm.
365 Figure 5 shows the flow chart of the operation of the under-door step system, which
366 is provided with the proposed motor driver and brushed DC motor. In Figure 5, the limit
367 position data of the mechanical step obtained from the hall-effect sensor is expressed as
368 ‘X'. Here, ‘X’ represents the total number of pulses. The blue standard drive box contains
369 the soft start and steady-state icluding operation at rated speed drive section. Under the

370 operating conditions specified with the purple braking box, it starts braking when the limit
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371 position is approached and ensures a safe and damage-free stop without a hard hit when
372 the limit position is reached. The ‘a’ variable represents the number of steps required for
373 braking and braking starts when there are steps left until the limit position ‘a’. The gray
374 box shows that the parameters are monitored with continuous measurements throughout
375 the movement of the mechanical step. Thus, in an unexpected emergency situation, the red
376 emergency stop process is operated due to high current or obstacle by considering the pre
377 defined parameters as current and motion limits. The specified emergency stop process
378 can occur at any ‘E’ moment within the “T” time. The location of the red box is symbolic.
Standard Deiving * Braking > X X : Total Step Amount

Standard Driving a a: Calculated Step Amount for Braking

Continuous Measurement of the Parameters T T + Total Operation Time

Emornam:q

S h > E E:Any T Time
379
380 Figure 5. Working principle of the proposed drive system.
381 3.3 Sub-elements of the System
382 Real-time experimental tests of the proposed brushed DC motor driver containing
383 the proposed ALA method are performed with a vehicle under-door step system. When
384 the electromechanical under-door step system is examined, it can be divided into three
385 main sub-sections. These are the brushed DC motor, mechanical under-door step and
386 motor driver. Figure 6 shows the brushed DC motor where the hall-effect sensor is
387 mounted on the motor shaft and the induced output torque value is increased by increased
388 by reducing the speed with the reducer.
389
390
391 Figure 6. Brushed DC Motor with reducer which is used for design of the system.
392 Figure 7 shows the images of the under-door step when it is at initial (closed) and

393 fully forward (open) positions.
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Figure 7. Mechanical setup of step.

The printed circuit board (PCB) of the motor driver system, which can operate under
the specified voltage and current values, change the motor direction, determine and learn
the operating map of the system with the proposed ALA method bu using the current and
speed measurements obtained forom instrumentation units it contains, with the cascade
voltage control structure created by combining the boost converter and DC-DC chopper
topologies together in its design, is shown in Figure 8. It must be noted that the

components used to create the designing of the PCB have automotive grade feature.

Figure 8. Designed motor driver PCB.

The experimental test setup implemented in a laboratory environment is presented

in Figure 9 and Figure 10.
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Figure 10. General view of the system while the step is operating in forward direction.

4. Experimental Results

In this section, experimental results of the proposed brushed DC motor drive system are given.
The proposed brushed DC motor driver is tested experimentally with a under-door step system of a
vehicle. In this test setup, the brushed DC motor provides mobility to mechanical under-door step
system. The captured and measured datas from the brushed DC motor driver is sent to software
interface via UART and this datas are recorded.

After learning the motion map defining the motion limits in the range of when the door step
electormechanical mechanism is open and close position with the proposed driver system, it is tested
whether the previously determined motion scenario can be realized with the proposed motor driver.
In this motion scenario, the electromechanical door step must reach its final position from its initial
position within the defined time and during this working process, the motor driver must ensure that
the motor starts with a soft start and stops with a soft stop in order to prevent the excessive current
draw from the source. In case of sudden strains that may occur on the step at the moment of opening,
the step should stop suddenly and return to its initial position. In case of a strain that may occur at

the moment of closing, the step should stop and remain at standstill and complete its movement after
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the excessive strain is removed. All of this specified working scenario is realized by the proposed
brushed DC motor driver. As can be understood from this scenario, in order to complete the
repetitive motion in a specified time, the motor speed must be controlled depending on the variable
operating conditions. In this case, the DC-DC chopper bus voltage may also need to be increased.
In the experimental tests, the performance of the boost type converter is tested together with the
DC-DC chopper.

During the experiemntal tests, source current value will always be checked to keep the system
power in safe range and under control. By using NTCs which are located near critical components
to see temperature of the driver hardware circuit. Operation time of the system depends on voltage.
If the DC link voltage of the DC-DC chopper is boosted by increasing the duty cycle of the boost
converter in a limit, operation time of the repetitive motion of the electromechanical system
decreases. It is observed that the operation time of the repetitive motion of the system takes 2039
ms, 1876 ms and 1824 ms while the duty cycle of the boost converter is applied as 0%, 10%, and
20%, respectively. In Figure 12, 14 and 16 yellow signals show the input voltage while the blue
signals show boosted voltage which applied to DC-DC chopper as DC link voltage. DC voltage
level is seen low on the oscilloscope because of the voltage divider circuit which is designed for
voltage level adaptation to voltage level of ADC of MCU. In Figure 11, 13 and 15 yellow signal
shows motor response measured on positive terminal while blue signal shows negative terminal

response.

I Rall 26 Dac 26823 16 :35 @7

@ ™ 208nl @ m 2BEnU
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Figure 12. Motor response for %0 Boost.
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460 In the proposed drive system, the duty cylce of the boost converter is determined with a PI-
461 type controller [31] by comparing the operation time with the reference timing signal and also
462 comparing the encoder instant value with the encoder value limits learned in the motion mapping
463 with the ALA to ensure timing optimization. In Table 1, Table 2, and Table 3, experimental results
464 contain the supply voltage of the driver, current drawn from the source, output voltage of the boost
465 converter, temperature of the driver, encoder value for speed measurement, and time consumption
466 for repetitive motion of the under-door step while it is opening or closing. With the proposed brushed
467 DC motor driver system, time dependent operation can be achieved by boosting the DC link voltage
468 of the DC-DC chopper. It can be seen form Table 1, Table 2, and Table 3 that the time consumption
469 of one operating cycle of the under-door step defining as opening or closing the mechanical system
470 under movement limits can be reduced and optimized regard to reference operation timing input.
471
472 Table 1. The proposed driver is working while the duty cycle of the boost converter is %0
7 %0 Boost I I I v

Input Voltage 11836 mV 11880 mV 11880 mV 12056 mV

Input Current 437 A 3.76 A 4.02 A 0.0A

Boost Voltage 11264 mV 11308 mV 11308 mV 11748 mV

NTC Temperature 26.47 26.47 26.47 26.47

Hall-effect Count 71 100 184 302

Operation Time - -- - 2039 ms
474
475 Table 2. The proposed driver is working while the duty cycle of the boost converter is %10

%10 Boost I II II1 1A%

Input Voltage 11792 mV 11660 mV 12056 mV 12056 mV

Input Current 6.1 A 528 A 0.0A 0.0A

Boost Voltage 12804 mV 13068 mV 11748mV 11748 mV

NTC Temperature 27.07 27.37 27.37 27.07

Hall-effect Count 75 116 300 309

Operation Time - -- - 1876 ms
476 Table 3. The proposed driver is working while the duty cycle of the boost converter is %20

%20 Boost I II II1 IV

Input Voltage 12056 mV 9856 mV 9944 mV 12056 mV

Input Current 0.0A 731 A 731 A 0.0A

Boost Voltage 11748 mV 13288 mV 13816 mV 11748 mV

NTC Temperature 26.77 26.77 29.22 26.77

Hall-effect Count 6 76 114 311

Operation Time = = = 1824 ms
477
478 Robustness of the proposed brushed DC motor drive system providing mobility to
479 the under-door step mechanism and ALA proved by running 100.000 cycle long test which
480 is operated approximately 20 days continuously and only a small part of the result
481 presented in Table 4.
482

483
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Table 4. A small part of 100.000 cycle test for proposed motor driver pcb and result of each
10.000 cycle

Cycle Current Teml::r(;ture Time J:ll::gte
10.000 (Forward) 334 A 48.8 1.82s 1148V
10.000 (Backward) 3.19A 48.8 191s 11.62V
20.000 (Forward) 2.26 A 38.14 1.56 s 11.84 V
20.000 (Backward) 2.17 A 38.14 1,63 s 11.88 V
30.000 (Forward) 21A 39.59 1.58s 11.79 V
30.000 (Backward) 21A 39.59 1.62s 11.92 V
40.000 (Forward) 257 A 40.32 1.52s 11.84 V
40.000 (Backward) 238 A 40.32 1.52s 11.88 V
50.000 (Forward) 244 A 38.14 1.58 s 11.84V
50.000 (Backward) 2.16 A 38.14 1.57 s 11.75V
60.000 (Forward) 2.62 A 39.22 1.6 s 11.84V
60.000 (Backward) 227 A 39.59 1.59s 11.88 V
70.000 (Forward) 246 A 38.86 1.58 s 11.79 V
70.000 (Backward) 218 A 38.86 1.59s 11.84V
80.000 (Forward) 24 A 40.69 1.58s 11.79 V
80.000 (Backward) 221 A 40.32 1.6s 11.84 V
90.000 (Forward) 2.65 A 41.43 1.58s 11.79 V
90.000 (Backward) 233 A 41.43 1.61s 11.88 V
100.000 (Forward) 298 A 37.78 1.68 s 11.75V
100.000 (Backward) 2.46 A 37.78 1.66 s 11.75V

5. Conclusions and Discussions

In this study, it is aimed to design a battery-fed brushed DC motor driver which
capable of learning the operation conditions and movement limits adaptively. This is the
most impressive feature of the proposed study. The proposed brushed DC motor driver is
suitable for use in the automotive industry. For this purpose, a motor driver circuit
including a cascade topology consisting of boost converter and DC-DC chopper is
designed to carry the required current and voltage values for soft start, soft speed up or
acceleration, and soft stop operations of the brushed DC motor. This PCB is designed
according to the hardware and software requirements of the automotive standards
considering the commercial potential production and tested with an serial excited DC
motor with reducer developed for under-door steps of commercial and luxury vehicles.

Some states and parameters like armature current, armature voltage, repetitive
operation time and hall-effect data for speed measurement of the drive system are
monitored with UART communication protocol. The real-time performance tests prove the
effectiveness of the proposed brushed DC motor drive system.

The proposed drive system is designed for general use and its modular structure is

convenient to new developments in order to be adaptable to many different application
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areas in industry especially in automotive production field. Future studies will be carried
out to make the proposed driver design integrated into the motor body and it is aimed to
design a brushed DC motor with driver mounted inside of the body of the motor and has
the feature of electomagnetic compatibility in order to use it practically in automotive

production on different part productions.

6. Patents

A patent application has been done to Turkish Patent Institute for the proposed brushed
DC motor drive system which includes proposed adaptive learning algorithm.
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