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Abstract: Signal processing of the brushed DC motor current was developed in this paper to obtain
information about a rotor speed from a measured motor current. The brushed DC motor current
contains a signal with a frequency proportional to the rotor speed. This signal is the outcome of a
commutation process occurring in the brushed DC motor, and it is called a ripple component. Since
the number of ripples in the measured motor current per one rotation is constant, the rotor speed can
be estimated. A discrete bandpass filter with a floating bandwidth was developed as the main part
of signal processing. This new interpretation of the bandpass filter was used to extract a frequency
of the ripple component from the measured motor current. This frequency was used to acquire
information about the estimated rotor speed. The estimated speed was set as a feedback value to
a cascade control structure to provide sensorless speed control. The advantages and limitations of
this approach are presented in this paper. Based on simulations and experimental results, it was
confirmed that the proposed sensorless speed control is robust, accurate, and works precisely in a
wide range of speeds.

Keywords: sensorless speed control; brushed DC motor; commutation; current ripple; discrete
bandpass filter

1. Introduction

The advancement of technology and automation has led to the widespread use of
electric motors in many applications. Brushed DC motors are used in various industrial
sectors and a wide range of consumer products such as pumps, air fans, and so on. These
drives are also commonly used in the automotive industry, as automobile starters, window
lifters, windshield wipers, etc. However, brushed DC motors require more attention to
maintenance due to the commutator and brushes. The mechanical commutator is the most
vulnerable component and the main practical problem of these motors. This component
may also limit the maximum speed of the DC motor due to its mechanical endurance. A
mechanical sensor coupled to a motor shaft is required to obtain information about the
speed or position of the motor. Sensors such as the resolver, encoder, Hall effect sensor,
and tachometer are commonly used. However, the overall cost of a DC drive system
increases significantly with the addition of such a sensor, which is prone to failure in
industrial environments. The sensor reliability is remarkably affected by environmental
conditions that the sensor is exposed to, such as dust, pollution, vibrations, and temperature.
A sensorless speed or position estimation can be used to minimize the cost and issues
associated with the sensors in a DC drive system. The main advantages of the removal
of such sensors and using a sensorless algorithm are decreased maintenance, decreased
drive volume, a reduced number of connections, and a reduced cost of the final system.
The sensorless algorithms are also used as a redundant solution in case of a sudden failure
of the mechanical sensor. These algorithms can be divided into two groups: those based

Energies 2021, 14, 5359. https:/ /doi.org/10.3390/en14175359

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6102-1505
https://doi.org/10.3390/en14175359
https://doi.org/10.3390/en14175359
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14175359
https://www.mdpi.com/journal/energies
http://www.mdpi.com/1996-1073/14/17/5359?type=check_update&version=4

Energies 2021, 14, 5359

2 of 25

on the dynamic model of the DC motor and those based on the ripple component of the
motor current.

The methods based on the dynamic model of DC motor depend on the parameters of
the brushed DC motor such as the resistance, inductance, and back-emf constant. However,
these parameters are not constant, and they vary under different operational conditions,
for example, with temperature. Varying parameters then lead to uncertainty in speed
estimation. Nevertheless, these parameters can be estimated dynamically [1], but this
approach usually leads to a nonlinear model, which is more difficult, and increased compu-
tational time is required. Some techniques indirectly model a motor with the use of neural
networks [2] or the Kalman filter [3]. The combination of neural networks and Sliding
mode control was used in [4]. Sensorless speed control for very small, brushed DC motors
with an adaptive estimator was presented in [5].

The methods based on the ripple component of motor current do not require any
knowledge of motor parameters to obtain information about the rotor speed because the
motor current already contains this information. The measured motor current is mainly
composed of two components: a DC component and an AC component, also known as the
ripple component. The DC component is responsible for providing torque to the motor,
and its amplitude depends on a motor load. The AC component is created by converting
the DC current supplied by a stationary source into an AC current in an armature coil by
the commutator and brushes. It should be noted that the AC component contains a ripple,
which is directly proportional to the rotor speed. According to the fact that the number
of ripples in the measured motor current per one rotation is constant, the rotor speed can
be estimated. There are some methods that use the ripple component of the brushed DC
motor to estimate the rotor speed.

An adaptive filter was used to estimate the rotational speed in [6], specifically Adaptive
Line Enhancer (ALE). Simulation studies of the ALE are presented within the paper but
without experimental verification. The authors stated in the paper that they would like
to examine the range and the accuracy of the estimated speed as well as the load effect
in practice.

The support vector machines were applied in [7], where the rotor speed was esti-
mated by using the inverse distance between the detected pulses, and the position was
estimated by counting all detected pulses. The paper shows good results, but there is
no explanation for why the results were not presented for the low speeds, specifically
under 501 rpm. In the paper, a response of the proposed method to the applied load is
not available either. The paper presented an interesting sensorless method with speed
detection from ripple current but without controlling the speed. The complexity of the
proposed method also requires a microcontroller with higher computational power, due to
plenty of mathematical operations.

The method based on measuring the inductive spikes generated when the motor is
turned off was proposed in [8]. The estimated speed was used as a feedback value to the
speed controller, while the speed was measured in steady state. The authors declare that it
would be of great interest to have an analysis of dynamic behavior and how to optimize a
speed controller.

Another approach [9] used the spectral components of the motor current. This method
is also useful for the brushed DC motors with a large number of coils where the rip-
ple component is almost negligible. The proposed method was tested within a small
speed range, specifically from 2000 rpm to 3000 rpm, without a control structure. The
proposed method contains a lot of mathematical operations, which could lead to higher
computational requirements.

Texas Instruments made an application note [10] where an analog bandpass filter was
used to count ripples in the form of pulses, which requires the use of additional hardware.
This approach used the pulse counting technique without controlling the motor speed
or position.
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Microchip made a similar application note [11], where a ripple counting technique
was proposed. They also provide a software implementation of the proposed sensorless
method to the microcontroller unit. The main goal of this counting implementation is to
count all the ripples until the number of expected ripples is reached. This approach is very
suitable to control the motor position by counting pulses. However, a way to control the
rotor speed was not the scope and purpose of the application note, so it was not presented.

In [12], the comparison between the model-based and non-model-based methods is
presented. The model-based methods experimentally verified in this article are specifically
the pseudo-sliding mode observer and the observer with a PI controller. However, limited
accuracy was detected for these methods. According to this fact, they were compared to
the non-model-based method, which is deeply investigated in this article.

The above-mentioned methods have shown some advantages and disadvantages. The
main idea of this paper is to provide low-cost sensorless speed control of brushed DC motor
independent of the motor parameters. In the above-mentioned methods, there was not a
clear statement about the motor operation at low speeds. This article provides an analysis
of the proposed sensorless method in the whole speed range. The method of optimizing
the controllers will be also revealed, as well as a detailed analysis of the ripple occurrence
in the brushed DC motor current. The main parts of the current ripple signal processing
are composed of a discrete bandpass filter with floating bandwidth, discrete comparator,
and timer peripheral on the microcontroller unit. The discrete bandpass filter with floating
bandwidth as well as the discrete comparator will be used to perform the conversion of the
ripple current to the pulses. Afterward, pulses will not be counted, but their length will be
measured with a timer peripheral to estimate the rotor speed. The estimated speed will
be used as a feedback value for a speed controller. The cascade control structure with the
speed and current controller is used to provide sensorless speed control.

2. Ripple Component of Brushed DC Motor Current

In this section, the dynamic model of the DC motor with the mathematical expressions
is given. Moreover, the reason standing behind the presence of ripple in the measured
brushed DC motor current will be presented as well as the analysis of the ripple component
in time and frequency domain.

2.1. Dynamic Model of DC Motor

The system structure of the DC motor is depicted as employing an equivalent circuit
in Figure 1, including the armature resistance R, and the armature inductance L,.

i R, L,
+
T it
Va €a Wy

Figure 1. Equivalent circuit of DC motor.

The equivalent circuit shows the conversion between the electrical and the mechanical
power. In this figure, the armature current i, is flowing. This current produces the
electromagnetic torque T,;; necessary to rotate the mechanical load at the angular velocity
of wy,. Across the armature terminals, the rotation at the speed of w,, induces a voltage
called the back-emf e;. On the electrical side, the armature voltage v, overcomes the
back-emf and causes the current to flow. As the current flows across the armature winding
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resistance and the armature winding inductance, the equation for the electrical side of the
DC motor with the use of Kirchhoff’s voltage law can be written as follows:
. di
va = Raig + LuTZ +eéa (1)

The back-emf is proportional to the angular velocity of the rotor, expressed as:
eqs = kpwy (2

where kg is the back-emf constant. On the mechanical side of the DC motor, the electromag-
netic torque produced by the motor overcomes the load torque T}, to produce acceleration.
The equation for the mechanical side is shown as:

dw
Tem —Tp = ]eqditm (3)

where J,; is the total effective value of the combined inertia of motor Jjs and the inertia of
the mechanical load J;. The electromagnetic torque is proportional to the armature current,
which yields to the following equation:

where kr is the motor torque constant, which is the same as the back-emf constant.
Equations (1)-(4) are the basic equations of the DC motor related to the equivalent cir-
cuit in Figure 1. It should be noted that the equations of the electrical and mechanical
system are coupled. The back-emf in the electrical system equation depends on the mechan-
ical speed and the electromagnetic torque in the mechanical system equation depends on
the electrical current. The electrical power absorbed from the electrical source by the motor
is converted into mechanical power and vice versa. In steady state, when the voltage V; is
applied, the voltage drop across the armature winding inductance is no longer considered,
and the following equations for the armature current and the angular velocity of the rotor
are derived:

L= ©
Wy = V”_kiER“I” (6)

To investigate the dynamic behavior of DC motor it is necessary to express the motor
equations as a system of differential equations:

di 1 .
% = f(va — Ryig — kEWm) (7)
a
dw 1 .
g e T ©

According to these equations, a block diagram including both the electrical and
mechanical system of DC motor is established and shown in Figure 2.
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Figure 2. Block diagram of DC motor.

However, the dynamic model of the DC motor as shown in Figure 2, does not include
the effect of the commutation, and the current ripple is not presented. The current ripple
gives an insight into a commutation process occurring in the brushed DC motor. To
understand the presence of the current ripple, the principle of the commutation process
will be introduced.

2.2. Commutation Process of Brushed DC Motor

Considering the elementary brushed DC motor with four commutator segments and
two brushes, as illustrated in Figure 3, the commutation process will be divided into three
intervals based on the mechanical position of the rotor 8,,. In the first interval (Figure 3a),
the current flows across the brush with a positive power supply and both parallel circuits
to the brush with a negative power supply. The next interval occurs when the brushes
short-out two adjacent commutator segments (Figure 3b), which results in the current
circulating between the segments. These two segments are interconnected with the one
armature coil represented by the inductance. When the adjacent commutator segments
are shorted out, it will lead to a short-circuit of the corresponding armature coil, with no
current flowing through it. When this situation occurs, the inductance is no longer part
of the circuit, which leads to a reduction of the armature impedance, thus causing the
overall current to rise and create the current ripple. In this region, the corresponding coil
undergoes commutation, where its current direction reverses as the rotor turns further.
After a sudden shorting out, the last interval occurs. In the last interval (Figure 3c), the
circuit is composed of four coils again, thus a larger impedance, which leads to the sudden
decrease of the current, and the ripple component is presented. The periodic shifting of
coils under the brushes, as the rotor turns, produces the periodic current ripple, which is
proportional to the rotor speed. According to the fact that the number of ripples in the
current per one rotation is constant, the speed of the brushed DC motor can be estimated.
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+

Figure 3. Commutation process of a DC machine with four commutator segments and one pole pair at: (a) 8, = 0;
(b) 61 = 45°; (c) Oy = 90°.

There is also another case when the influence of commutation on the motor current
is slightly different. The previous case was focused on the machine with an even number
of commutator segments. There are some differences when the number of commutator
segments is odd. The principle will be shown in Figure 4 when the brushed DC motor with
three commutator segments is illustrated.

47
W[

Figure 4. Commutation process of a DC machine with three commutator segments and one pole pair at: (a) 0,; = 0;
(b) 61, = 30°; (c) By, = 60°.
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Current (A)

The commutation process will be divided into three intervals based on the mechanical
position of the rotor. The principle is similar to the previous case. The difference between
these two cases can be seen if we compare Figure 3b with Figure 4b, which is the interval
when some of the armature coils are short-circuited. During this interval in Figure 3b,
armature coil 1 and the opposite armature coil 3 are short-circuited, while in Figure 4b,
there is just one armature coil to be short-circuited because there is no coil on the opposite
side. The important fact is that armature coil 1 in Figure 4b will be also shorted-out by a
second brush, thus providing two ripples per one mechanical rotation, while armature coil
1 in Figure 4a is in opposite with armature coil 3 and the ripples produced by these two
coils will be counted into one ripple. According to these facts, the brushed DC motor in
Figure 3 with an even number of commutator segments will create four ripples per one
mechanical rotation, while the motor in Figure 4 will create six ripples per one mechanical
rotation. The number of ripples per one mechanical rotation can be calculated by the
following equation:

number of ripples,or = c-k-p )

where c is the coefficient contingent to the parity of the number of commutator segments k,
with ¢ = 1 when k is even and ¢ = 2 when k is odd and p is the number of pole pairs.

When comparing these two types of constructions concerning the number of commu-
tator segments, the following statements for the odd number of segments are given:

produce twice as many ripples;

decrease the length of a commutation interval;

current flowing into the commutator will not divide evenly into the parallel circuits;
produce the ripples with a smaller amplitude.

It is worth mentioning, that the ripple in the current can be also reduced by increasing
the number of coils and slots. This fact yields to the following statement. The brushed
DC motors with a small number of coils and commutator segments have a significant
ripple in the motor current. Otherwise, the brushed DC motor with a large number of coils
and commutator segments has a very small ripple. In other words, the motor current just
consists of the DC component. This leads to very difficult processing of such a small signal
to correctly estimate the rotor speed from the measured brushed DC motor current.

Figure 5 shows the measured motor current of the brushed DC motor. This motor
will be used for the experimental verifications. The current was measured with a current
probe on an oscilloscope. The figure shows the comparison between measured motor
current with pulse width modulation (PWM), which affects the current ripple with higher
harmonics and without PWM modulation at a rotational speed of 3000 rpm. The figure
also illustrates when the rotor reaches one mechanical rotation. This information can be
determined by knowledge of the motor parameters related to the commutation process.
These are presented in Table 1.

T T
——— with PWM ——— without PWM
f Il
i »}W ‘N =
1 mechanical rotation i
|
1 1 1 1
0.005 0.01 0.015 0.02
Time (s)
Figure 5. Brushed DC motor current—comparison.
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Amplitude (A)

0.5

0

Table 1. Parameters of brushed DC motor related to the commutation process.

Parameter Symbol Value
Number of pole pairs p 1
Number of commutator K 8
segments
Coefficient of the parity c 1

As we can see from the picture, one mechanical rotation is given by eight ripples in
the motor current. The distance between the first and the last ripple is about 0.02 s. Having
this information, the rotational speed can be calculated by the following equation:

60 60
Ny = T = 00m 3000 rpm (10)

To extract information about the rotor speed from the measured motor current
(Figure 5), it is necessary to know the exact frequency of the current ripple. The frequency
of the current ripple f; can be calculated by the following equation from [13]:

_ ckpny
fi==E a1

where n,;, is the rotational speed. Equation (11) yields that, for determining an accurate
value of the current ripple frequency, it is necessary to know the number of commutator
segments and number of pole pairs. These parameters are constant, and they depend on
the motor construction, thus they are not changing during motor operation. Assuming
the parameters of the brushed DC motor from Table 1 that are used to perform an experi-
mental verification and the rotational speed calculated by Equation (10), we will obtain the
following frequency of the current ripple:

kep- 1.8.1.
fr=" k6”0”’” _18 65’000 = 400 Hz (12)

By performing Fast Fourier Transform (FFT) of motor current with PWM at a given
speed, the frequency of current ripple is presented in a frequency domain as calculated
(Figures 6 and 7):

I
0

T T T
< DC component
]

Ripple component
- | s -. | | I | |

100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 6. Brushed DC motor current in the frequency domain—DC component and ripple component.
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Amplitude (A)

0.2 T T T T T T T
/ PWM component
0.1+ —
0 i | | 1 1 | | [
1.95 1.96 1.97 1.98 1.99 2 2.01 2.02 2.03 2.04 2.05
Frequency (Hz) «10*

Figure 7. Brushed DC motor current in the frequency domain—PWM component.

3. Proposed Sensorless Method

This section presents the non-model-based sensorless method used to estimate the
speed of the brushed DC motor from the measured motor current. The purpose of employ-
ing the non-model-based method is to have a parameter-independent method which is
accurate, simple to implement, and does not have large computational requirements. In
this method, it is necessary to know the exact frequency of the current ripple to extract
information about the rotor speed from the measured motor current. It is clear from
Equation (11) that the frequency of the current ripple is proportional to the rotor speed
and therefore changes in the frequency domain. This frequency can be extracted by the
discrete bandpass filter, which is used for eliminating the DC component with frequency
fpc, the PWM component with frequency fpwp1, and the other spectral components from
the motor current. A bandwidth of the bandpass filter has to be chosen appropriately to
eliminate frequencies, which are not coupled to the rotor speed.

The first option is to use a wide bandwidth, with the bottom and top cut-off frequencies
fp and fr, respectively (Figure 8). The purpose of this approach is to cover an area of the
ripple component for the lower rotational speed n,,, and the higher rotational speed 7,,,.
However, this may lead to uncertainties in speed estimation because the ripple component
coupled to the rotational speed is influenced by the other spectral components with smaller
amplitude, as can be seen practically from the FFT in Figure 6. This approach can be
performed either externally with the analogue bandpass filter or internally by the discrete
bandpass filter.

The second option is to use a narrower bandwidth whose position is floating in the
frequency domain according to the required rotor speed (Figure 9). Therefore, the ripple
component at rotational speed 71, or #1,,,, no longer contains most of the other spectral com-
ponents, which are not corresponding to the rotor speed, and the speed can be estimated
more accurately. This approach can be performed only by the discrete bandpass filter,
which allows for appropriate bandwidth variation according to the rotor speed. The band-
width variation is provided by means of the offline precalculated coefficients of the discrete
bandpass filter. The coefficients can be calculated with the following MATLAB function:

[b, a] = butter(n, Wy, frype) (13)

which returns the transfer function coefficients for the fi,. filter, for example, lowpass,
highpass, bandpass, or bandstop. The resulting bandpass and bandstop designs are of
order 2n with normalized cut-off frequency W,. Solving Equation (13) for a given type of
filter and cut-off frequency will produce five coefficients: by, b1, by, a1, a2. These coefficients
can be implemented into a microcontroller unit with the polynomial approximation or
Look-up-table (LUT). In this paper, polynomial approximation was used, yielding lower
computational requirements.
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Figure 8. Discrete bandpass filter with fixed bandwidth: (a) the lower rotational speed; (b) the higher

rotational speed.
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(b)
Figure 9. Discrete bandpass filter with the floating bandwidth: (a) the lower rotational speed; (b) the
higher rotational speed.
The output of the bandpass filter then provides a clean AC signal, which corresponds

to the actual rotor speed. This signal is compared to a reference value to convert the ripples
to pulses with a frequency equal to the frequency of the current ripple. The timer peripheral
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on a microcontroller unit is used to measure the length of each pulse, and the rotor speed
can be estimated. The processing of the ripple current is performed by the microcontroller

unit, thus without the use of any external components. The conversion of the measured
motor current to the pulses is shown in Figure 10.

—~~ T T T T T T T T T
ft/ 2 — Measured motor current |
=
g 1 W
=)
Yo I I ! ! I I ! ! !
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
— T T T T T T T T T
iﬂz 0.5 Filtered motor current
k=
g of .
p S
=}
O 05 I I I I I I I I I
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
T T T T T T T T T
0 Filtered current converted to pulses
S 1t -
2
[a
O | 1 Il | | | Il |

0 0.002  0.004 0.006 0.008 0.01 0.012 0.014 0.016  0.018 0.02
Time (s)

Figure 10. Signal processing of the measured motor current with a rotational speed of 3000 rpm.

The block diagram of the current signal processing is presented in Figure 11 and the
corresponding flowchart in Figure 12. The created pulses are used as an input to the timer
peripheral (Low power interrupt timer—LPIT) to obtain information about the estimated
speed. The variable k, in the flowchart represents the estimated speed scale constant. The
data (Figure 10) were measured by a real-time debug monitor and the data visualization
tool FreeMASTER. This tool has a limit for the number of recorded samples, so the high-
frequency signal from PWM, as it is visible in Figure 5, is not presented in Figure 10.

Microcontroller unit
Measured | Filtered
current | f, current Pulses Period . | Estimated
. I i i T . w, speed
Required f Pn Calculation m P!
sgee T o Comparator block >

Figure 11. Block diagram of the current signal processing.
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Initial condition
lpo =0
v
Get control
variables
Iq Wy,
Iy
Y N
=1 =0

Figure 12. Flowchart of the current signal processing.

4. Simulation Studies

In this section, the proposed non-model-based sensorless method will be simulated.
The motor parameters which are mandatory to perform simulation tests were calculated
based on the experimental procedures. These parameters are provided in Table 2. The
parameters of a cascade control structure, which consists of PI controllers, will be also
calculated in this section.
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Table 2. Parameters of brushed DC motor.

Parameter Symbol Value
Nominal voltage Vay 12V
No load current I, 12A
Armature resistance R, 0.697 Q)
Armature inductance L, 1.523 mH
Back-emf constant kg 0.0173 Vs/rad
Moment of inertia Im 1.970-10~° kg- m?

4.1. Current Loop

In order to obtain a transfer function for the electrical part of the DC motor, it is
necessary to perform the Laplace transform of Equation (1) and express the armature

current as follows:

) Ua — kpwn, K,v, Kikpwy,

lg = = — (14)
(%s+1)Ra Ts+1  Ts+1

where K, is the rotor gain and 7, is the rotor time constant:

1 _ La

K = — = —
a R, Ta R,

(15)
By neglecting the second part of Equation (14), which is the influence of the back-
emf, the transfer function for the electrical part of the DC motor in the Laplace domain is

given as:
Ky

Frp(s) = P (16)

This transfer function is a part of Figure 13, where a current loop including the PI
controller is presented. The PI controller in the current loop is forcing to zero the error
between the required armature current i; and the actual armature current i,. The output of
this controller, also known as a current controller, provides information about the required
armature voltage v;.

. * H

T B V- K, P
TR RN N
- Y TaS +1

lq

Figure 13. Block diagram of the current loop.

The transfer function of the current controller is given as:

_ Kps+Kj,

Fp,(s) = B 17)

where Kp, is the proportional gain of the current controller and Kj, is the integral gain of
the current controller. The open current loop transfer function is derived by the equation:

. KPiS + KIi K, . KPi (STIi + 1) K,

F,.(s) = = 18
o (5) S s+1 Tys s+1 (18)
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where Tj, is the time constant of the current controller. According to the inverse dynamics
method, the following condition is applied T;, = 1,, which yields to the resulting open
current loop transfer function:

Kpl. (ST[I. + 1) K, B Kpl.Ka

Fo.(s) = = 19
i (%) Ty;s s +1 Ty;s (19)
By applying Mason’s rule, a closed current loop transfer function is derived as:
KPl-Ka
FO'(S) TI.S KPKa ]_
Fi(s) = : : = ’ = (20)
1+F,(s KpKa  Tps+KpK T
01()1+T,5 I; Pi™a ms+1

The current loop will be replaced by 1st order transfer function with the time constant
T1,, which is equal to:
T,

’ (21)

T =
T KpK,

where Ty, is the time constant of the current loop. The proportional gain of the current
controller is then derived from Equation (21):

Kp — Lk (22)
BT TLK,
where T, can be expressed with respect to the settling time T, of the current loop:
Tset
Ty, = — 23
=3 (23)
The integral gain of the current controller can be calculated as:
Kp,
K, =—+ 24
L= (24)
The natural frequency of the current loop can be defined by Dodds’s formula:
1
wo=15(n+1)— (25)

set

where 7 is the order of the system. Considering the discrete domain, the expressions for
controller gains will change as follows:

Kp,(z) = Kp,(s) Ky (z) = Ki,(s)T5, (26)

where Ty, is the sampling period of the current loop. The calculated parameters for the
current loop can be found in Table 3.

Table 3. Parameters of the current loop.

Parameter Symbol Value
Proportional gain Kp, 0.0914
Integral gain Kj, 41.820
Settling time Tset 0.05s
Order of the system n 1

Natural frequency wo 60 rad/s
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In Figure 14, the comparison between the measured and simulated current is shown.
The comparison was made for a step change from 0 A to 6 A with the settling time of the
current loop equal to 0.05 s.

8 T T T T T
Required Simulation Measurement

6

4+ 4
2+ 4
0 I I I I I

0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

Figure 14. Comparison between the measured and simulated current, with a required current of 6 A.

Magnitude (dB)

Phase (deg)

It is worth mentioning that the settling time for the current loop can be much smaller,
approximately about 0.005 s, but for the proposed sensorless method, the bandwidth of the
PI controller has to be limited to not affect the ripple in the measured current.

Figure 15 shows the Bode plot of the current loop, which expresses the magnitude and
phase shift of the frequency response. The comparison between results from the simulation
and measurement are presented. The dashed line in the figure shows the natural frequency
of the current loop which is 60 rad/s.

-10 -

T T T T —T

Simulation

* Measurement

10! 10 10°

T T

T T T T T —T T T T —T

Simulation

Measurement

T
|
1
1
1 *
1
1
!

10! 10 10
Frequency (rad/s)

Figure 15. Bode plot of the current loop frequency response.

4.2. Speed Loop

The parameters of the speed controller will be calculated according to the block
diagram in Figure 16, where the current loop is replaced with the 1st order transfer function
with the time constant T7,. The PI controller in the speed loop is forcing to zero the error
between the required rotor speed w;;, and the actual rotor speed wy,. The output of this
controller provides information about the required armature current i;. The open speed
loop transfer function can be written according to the block diagram in Figure 16:

1 Kp,(sTy, +1) 1 1
Jegs TLs Tis+ 17 Jgs

Fow (S) = Fp[w (S)Pl‘(s)kT (27)
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Figure 16. Block diagram of the speed loop.
By applying Mason'’s rule, a transfer function of the closed speed loop is presented as:

Kp, (8T, +1) 1 1
F, (s TL,s T S—I—lkT_s
E, (S) _ Ow( ) I In Jeq

T 1+4F - Kp, (sTy +1) 1 1
* ow(s) 1+ =* lels Tz,zs—i-lkTm

(28)

The resulting closed speed loop can be obtained by adjusting Equation (28) to the form:
Kp,, k
lep%;la ;eq (TIaJ S + 1)

3421 4 Keykr Kp, kr
§ +S Tla +S TI,;]eq TIwTIa]eq

Fo(s) = (29)

However, the speed controller introduced a zero to the closed-loop transfer function for
command changes, located at the numerator of Equation (29). This derivative characteristic
of the loop increases the system overshoot, lowering the potential closed-loop bandwidth.
Due to this, the zero of the speed controller must be compensated. This can be done by
introducing a zero-cancellation block, which has the following transfer function:

1

Fzc(s) = T s+l (30)

The zero-cancellation block physically behaves as a low pass filter, smoothing the input
command. It therefore allows for increasing of the loop gain, achieving a higher bandwidth.
The speed loop transfer function with the zero-cancellation block in feed-forward is then:

pr kT
T1yT1yJeq

3421 4 Keykr Kpykr
§ +S TIa +S TI,;]eq + TIwTI,;]eq

Fu(s) =

(31)

The block diagram of the speed loop with the zero-cancellation is shown in Figure 17.

Figure 17. Block diagram of the speed loop with the zero cancellation.

Having the closed loop with a canceled zero (Equation (31)), the parameters of the
speed controller can be calculated by exploiting a pole placement method. A pole placement
method is an approach of a feedback control system theory to place the closed-loop poles
of a plant in predetermined locations. The pole placement method applied to the closed-
loop system leads to desired controlled system behavior. The parameters are designed
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by comparing the characteristic polynomial with that of a standard third-order system,
as follows:

1 Kp k Kp k
P+ sl PR
T, Ti,Jeq  Ti1,T1,]eq

=% +52(28wo 4 wp) +5 (Zﬁw(z) + wé) +wi (32

where ¢ is the loop attenuation. The settling time of the speed loop can be defined by
Dodds’s formula:

wo = 1.5(n+1)—— (33)

set

The proportional gain of the PI controller can be therefore calculated by the following equation:

(28w + ) Ti Jeg

Kp, = k7 (34)
and the integral gain:
3
T
Ky, = “0lik 35)
kt

where Ty, is given from Equation (32):

1

T, = 77— 36
"™ (26w + wo) (36)

Considering the discrete domain, the expressions will change as follows:
KPw (Z) = pr (S) KIw (Z) = KIw (S)Tsw (37)

where T, is the sampling period of the speed loop. The parameters of the current con-
troller will be recalculated concerning the time constant obtained from Equation (36). The
calculated parameters for the speed loop can be found in Table 4.

Table 4. Parameters of the speed loop.

Parameter Symbol Value
Proportional gain of the speed controller Kp, 0.0017
Integral gain of the speed controller K, 0.0085
Proportional gain of the current controller Kp, 0.0685
Integral gain of the current controller K, 31.365
Settling time Tset 04s
Order of the system n 3
Natural frequency of the speed controller wy 15rad/s
Loop attenuation ¢ 1

In Figure 18, the comparison between the measured and simulated speed is shown.
The comparison was made for a speed step change from 0 rpm to 3000 rpm with the settling
time of the speed loop equal to 0.4 s.



Energies 2021, 14, 5359 18 of 25

T T T T T T T T
4000 - Required Simulation Measurement |
=
Q.
=
o 2000 - .
o
o
wn
0 \ | | ! L | | | !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

Figure 18. Comparison between the measured and simulated speed, with a required speed of 3000 rpm.

It should be noticed that the current loop is faster than the speed loop. This can be
done because, in most cases, the electrical time constant of the motor is much smaller
than the mechanical time constant of the motor and so the small electrical time constant
requires the current control loop to run at a higher sampling frequency. On the contrary,
the speed loop regarding the higher time constant can run in a slower control loop with a
lower sampling frequency. Such an approach provides enough time to control the current
between two speed samples.

Figure 19 shows the Bode plot of the speed loop, where the comparison between the
results from simulation and measurement are presented. The dashed line in the figure
shows the natural frequency of the speed loop, which is 15 rad/s.

Simulation

% Measurement

Magnitude (dB)
a
T

T T LA B B S s T T e B S e B

Simulation

0F . — ——

T
|
1
|
' * Measurement
1
1
1.

Phase (deg)

Frequency (rad/s)
Figure 19. Bode plot of the speed loop frequency response.
4.3. Sensorless Speed Estimation

Figure 20 shows the complete block diagram of the proposed sensorless control
applied to the simulation.
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Figure 20. Block diagram of the proposed sensorless control.

The block diagram includes three main parts where the first part is a control structure,
which is composed of the zero-cancellation block, the speed controller, and the current
controller. The second part is the proposed sensorless method, which was introduced in
Section 3 and represented with a block diagram in Figure 11. The last part is the dynamic
model of the DC motor is a second-order linear system. The more detail-enriched model
considering nonlinearity effects, such as the cogging torque and streback effect, is presented
in [14].

As was already mentioned, the dynamic model of DC motor, as illustrated in Figure 2,
does not include the effect of commutation. One of the solutions for how to include this
effect and perform the simulation is to inject a periodic signal with the exact frequency
of current ripple into the motor current. The frequency of this signal will change with
the rotor position. This effect is included in the block diagram with a block named ripple.
After this injection, the simulation of the proposed sensorless method can be performed
according to the block diagram.

Figure 21 shows the results obtained from the simulation model for a speed step
change from 0 rpm to 3000 rpm. There is a comparison between the required rotor speed
wyy,, actual rotor speed wy, and estimated rotor speed @;,. The simulation results show a
good match between the speed obtained from the dynamic model and the estimated speed
from the proposed sensorless method. The parameters of the speed and current controller
were set according to Table 4.

T

| T T T T T T T T
Required Actual Estimated

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

Figure 21. Comparison between the speeds obtained from the simulation model, with a required speed of 3000 rpm.

5. Experimental Results

The tests were performed on the 3-phase low voltage power stage controlled as a
full bridge DC/DC converter with apparent power up to 420 VA. The nominal apparent
power and nominal current of the power stage are 300 VA and 20 A, respectively. The
power stage was made by the author for the dual-motor control applications. However,
as Table 2 yields, the no-load current of the experimental motor is 1.2 A. It has to be
pointed out that the apparent power of 300 VA is just the nominal value of the power stage,
but not the nominal power of the experimental system. The brushed DC motor with a
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stationary magnetic field generated by permanent magnets was used for the experiments.
The motor parameters are given in Table 2. As the microcontroller unit, a S32K144EVB
from NXP Semiconductors was used, which is a low-cost evaluation and development
board for general purpose automotive applications. The S32K144EVB is based on the 32-bit
Arm® Cortex®-M4F S32K14 and offers a standard-based form factor compatible with the
Arduino® UNO pin layout, providing a broad range of expansion board options for quick
application prototyping and demonstration. The communication between S32K144EVB
and PC is provided by serial and debug adapter OpenSDA. It secures a bridge between PC
and the embedded target processor, which can be used for debugging, flash programming
and serial communication. The control algorithm was created in the S32 Design Studio
for Arm®, which is a complimentary Integrated Development Environment (IDE) for
automotive and ultra-reliable Arm-based microcontrollers that enable editing, compiling,
and debugging of designs. The current was measured on the low voltage power stage by
the 5 mQ) shunt resistor with the sampling frequency equal to 20 kHz. An incremental
encoder with 2048 pulses per one rotation was attached to the motor shaft to provide
reliable information about the actual rotor speed. The oscilloscope Tektronix TDS 2022B
was used to provide motor current figures with a high number of samples. The speed data
was measured by a real-time debug monitor and data visualization tool FreeMASTER. The
photo of an experimental setup is shown in Figures 22 and 23.

:
_‘_A ‘v
XA
‘ -

Figure 23. Photo of the experimental setup.

Figure 24 shows the comparison between the actual and estimated rotor speed for a
speed step from 0 rpm to 3000 rpm, and Figure 25 shows the error between these speeds.
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Figure 25. The error between the actual and estimated speeds obtained from the measurement, with a required speed of
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A motor start-up was provided in the open loop. At the speed of 700 rpm, the
estimated speed was set as a feedback value to the speed controller. This method is not
suitable for speeds below 700 rpm, which is the main limitation of this method. The reason
is that below this speed, the frequency of the current ripple is small enough. Therefore,
the control algorithm does not have enough information about the rotor speed from the
measured current to provide reliable speed control. It can be compared to a sensor having a
low number of references about the rotor speed per one rotation. The value of the threshold
speed for controlling the motor speed appropriately depends on the motor construction
parameters from Equation (9). For example, motors with a larger number of commutator
segments provide enough information about the rotor speed also at the low speeds. That is
due to the higher frequency of the current ripple. However, as was already mentioned in
Section 2, a larger number of commutator segments will lead to a smaller amplitude of the
current ripple, which may lead to more difficult signal processing.

Figure 26 shows the comparison between the same speeds, but for stepped changes of
required speed from 0 rpm to 6000 rpm.

T

T T T T T T T T T
Required Actual Estimated

Simulation

Switch to the proposed sensorless method

2 4 6 8 10 12 14 16 18

Time (s)

Figure 26. Comparison between the speeds obtained from the measurement and simulation, with stepped changes of

required speed from 0 rpm to 6000 rpm.
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Error (rpm)

As in the previous case, the estimated speed was set as a feedback value at 700 rpm.
This test was performed to show the accuracy of the proposed method for a wide speed
range. The error between the actual and estimated speed is shown in Figure 27, where
the mean value of the error is about 1.907 rpm, which is 0.032%. According to the results
obtained from Figures 26 and 27, it can be said that this method works accurately in a
tested speed range, which was from 700 rpm to speed 6000 rpm. The tested range presents
88.333% of the whole speed range. It is worth mentioning that this method has the potential
to work also for very high-speed DC motors. At very high speeds, the number of ripples
per one rotation is adequate to control the motor speed.

2 4 6 8 10 12 14 16 18
Time (s)

Figure 27. The error between the actual and estimated speeds obtained from the measurement, with stepped changes of

required speed from 0 rpm to 6000 rpm.

4000

2000

Speed (rpm)

One can observe that the ripple of the estimated speed is increasing with a higher
rotational speed. This phenomenon is a result of the DC motor nonlinearities. In the higher
speeds, there are frequencies, which are very close to the frequency of the current ripple
related to the commutation process. As a result, the output of the discrete band-pass filter
is not a clean AC signal. According to this fact, pulses created by the comparator will
have different lengths. These lengths are measured by the timer, leading to the presence
of the ripple in the estimated speed. However, it is possible to reduce the ripple in the
estimated speed by choosing the smaller bandwidth of the proposed filter. Nevertheless, it
is not a necessary condition because the ripple is not presented in the actual rotor speed,
measured by the mechanical sensor, due to the PI controllers located in the cascade control
structure. The PI controller acts as a filter, which is eliminating the ripple from the feedback
estimated speed.

Figures 28 and 29 reveal that the proposed sensorless method also works correctly
under load conditions. During the motor operation, a load of 0.002 Nm was applied to the
rotor shaft. It shows the robustness of the proposed sensorless method against step change
of the load torque.

T T T I T
B Required Actual Estimated Simulation |
I / Switch to the proposed sensorless method |

1 | 1 1 |

2 4 6 8 10 12

Time (s)

Figure 28. Comparison between the speeds obtained from the measurement and simulation, with a required speed of 3000

rpm and applied load of 0.002 Nm during motor operation.
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Figure 29. The error between the actual and estimated speeds obtained from the measurement, with a required speed of

3000 rpm and applied load of 0.002 Nm during motor operation.

The proposed sensorless method works even better under load conditions due to
the current ripple resolvability (Figure 30). This figure shows the motor current at three
different load conditions. It can be seen from the figure that with the higher applied load,
not just the amplitude of the DC component is increased but also the amplitude of the
presented AC component due to the commutation process.

T T
I =37A
a

T
L=1A 1 =24A

1 1 1 1 1 1 | 1

0

0.002

0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)

Figure 30. The brushed DC motor current at three different load conditions with a rotational speed of 3000 rpm.

Most of the motors are used in applications where the load is coupled to the rotor
shaft or its value changes during motor operation. According to this fact, the proposed
sensorless method is suitable for such applications. The experimental motor is primarily
used for window lifter applications in the automotive sector, where the Hall effect sensor is
used as a mechanical sensor. The applications where the proposed sensorless approach
would see a real benefit in the case of speed control are applications such as pumps, fans,
and so on. The position control with the proposed sensorless approach could expand an
application area to the automotive industry in applications such as window lifters, seat
positioning, sunroofs, and so on.

Figure 31 shows the Bode plot of the speed loop for sensor-based and sensorless
control with a very good match. The results were compared to the ideal transfer function
from the simulation. The dashed line in the figure shows the natural frequency of the speed
loop, which is 15 rad /s in both cases.
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Figure 31. Bode plot of the speed loop frequency response for sensor-based and sensorless.

6. Conclusions

Signal processing of the brushed DC motor current was developed and presented
in this paper. This method used the ripple component of the brushed DC motor current
to estimate the rotor speed. The discrete bandpass filter with the floating bandwidth,
discrete comparator, and timer peripheral on the microcontroller unit were used to extract
information about the rotor speed from the motor current. The experimental verification
of the proposed sensorless method was performed and compared to the simulation. The
accuracy of the proposed sensorless method was investigated, where the error between
the actual speed obtained from the mechanical sensor and the estimated speed obtained
from the proposed sensorless method was about 0.032%. However, this sensorless method
also has some limits. The first limit lies in the control dynamics, where the bandwidth of
the current controller had to be limited to not affect the ripple in the motor current. The
second limit lies in the incapability of the proposed structure to control the rotor speed
at low speeds. The threshold speed depends on the motor construction. It is specifically
on the number of commutator segments, their parity, and the number of pole pairs. The
value of the threshold speed for the motor used in this study was approximately 700 rpm.
Nevertheless, this sensorless method works accurately and precisely in a wide speed range,
which is from 700 rpm to 6000 rpm. This range presents 88.333% of the whole speed range.
Therefore, this sensorless method can be used as a redundant solution in case of a sudden
mechanical sensor failure in DC drives, where the operational speed is higher and the
system requires accurate and reliable information about the rotor speed.
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