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Abstract: Reliable motor control design is a critical part of the electric vehicle application. Control techniques
and motor control devices play an important role in achieving system reliability. In this study, motor control
devices have been proposed to implement control techniques in sensorless PMSM. Motor control devices
including PWM signal generation by FPGA, gate driver circuit (GDC), and power inverter were developed to
be integrated into single-stage motor control devices for sensorless motor control applications. Improvements
in GDC design have been the focus to increase the performance of the motor control devices used. Switching
losses due to the parasitic elements caused ringing switching behavior of the power inverter circuit, which
reduces the performance when the system is integrated. Moreover, in the implementation of sensorless motor
control using observer techniques, these conditions affect the accuracy of rotor position estimation, which uses
the current or voltage information of the power converter as a variable in the observer design model. Therefore,
a GDC design using IR2110 with additional ringing suppression circuit configuration was proposed for the
application of motor device control topology to improve the performance of sensorless motor control system.
Furthermore, the reduction of switching losses, reduction of current distortion, and accuracy of rotor position
information were confirmed by experimental results.

Keywords: sensorless PMSM; gate driver circuit; switching losses; motor control devices; estimation of rotor
position

1. Introduction

Awareness of environmental issues, including the depletion of natural resources, increasing
levels of pollution, significant greenhouse gas emissions, and rising global temperatures, are
important motivating factor for considering electric vehicles (EVs) as a viable solution [1-3]. On the
other hand, various research efforts contributed to technological advances related to the development
of EVs used for mobility activities. Control of the electric motor in the EVs drive system is a crucial
role to achieve its optimal performance [4]. Therefore, the overall design of the control system must
be able to operate reliably, including the control method and motor control devices used [1,2,5]. The
motor control method without speed or position sensors (sensorless motor control) is one of the
attention of researchers to implement the method in EVs motor control systems [6]. This due to the
advantages of the method such as reducing the cost of sensors, simplifying the complexity of the
wiring system, and reducing the overall size of the system [7]. In addition, to implement a reliable
control system, the motor control device that use should have good performance. In this case, there
are three main parts in the device, namely processing digital signal as a generating of signal control,
GDC and power inverter [8]. As one of the main parts in the device of motor control application, the
GDC is functioned as an interface between control signals and power inverter. Practically, periodic
pulse signals or Pulse Width Modulation (PWM) are generated by the processing digital signal such
as FPGA, Arduino, LAUNCHXL, and dSPACE. In this case, it should be noted that the signal level
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of PWM is not capable to drive the gate-to-source terminal of the Insulated Gate Bipolar Transistor
(IGBT) or Metal Oxide Semiconductor Field Effect Transistor (MOSFET) directly [9]. Therefore, signal
conditioning is required to amplify the signal level as usual. A special set of components and
integrated circuits (ICs) are used to perform this important function for signal conditioning, namely
regulating the voltage level of the generated PWM accordance with the required gate-to-source
threshold voltage level, in this context it referred as GDC. Moreover, the GDC should also be able to
provide several protection schemes that require for control device, such as overcurrent (OC), short
circuit (SC), and overvoltage (OV) conditions. In the GDC design, that scheme protection referred as
isolation systems [4,10]. Furthermore, the GDC system should also be able to minimize switching
losses that occur due to the behavior of the power inverter components. So that, in the context of EVs
development, reliable gate driver design is also one of the keys to realizing superior performance,
high efficiency and optimal operational safety in electric motors. Therefore, good integration between
control methods and motor control devices can provide EVs more competitive [1].

Permanent Magnet Synchronous Motor (PMSM) is a type of motor that is popularly used in
various fields such as robotics, industrial automation, renewable energy systems and EVs [11,12].
The advantages of PMSM are robust structure, high power density, high efficiency and a wide speed
range. The several control techniques were developed and implemented to improve the performance
of the motors in various fields, such as EVs [13]. As previously mentioned, sensorless motor control
is an alternative for researchers to implement the motor control systems. In general, the application
of sensorless motor control techniques can be divided into two categories based on the speed range.
The first category shows the motor conditions at standstill to low speed, while the second category is
medium speed to high speed. In the first category, the technique utilized the magnetic saliency effect
which arises due to the high frequency injection given to the motor [14]. This behavior can be
extracted to obtain the rotor position information by several modulation techniques. Meanwhile, for
the second category, the technique utilized Back-EMF of the motor. This second technique observed
Back-EMF using current or voltage parameters that use to obtain the rotor position information [15].
In this study, the proposed motor control devices were used in the integration of sensorless motor
control systems technique that is operated in the second category. In addition, the motor current
information is one of the main parameters to determine rotor position information for second
category. In PMSM control systems, rotor position information is very important because by this rotor
position information, the motor speed can be obtained. Therefore, the feedback for the controller can
be used to achieve the results [7].

Based on these various aspects, special attention in designing a motor control system is needed.
As mentioned above, GDC design has a vital role in the implementation of motor control systems
[16]. Therefore, it is not enough just to be able to provide a good isolation system, but also should be
able to minimize switching losses that occur when the whole system is integrated. Switching losses
in the power inverter cannot be avoided because the behavior of the semiconductor component itself
causes ripples or noise when transitioning from ON to OFF, which is usually called a ringing
switching condition [17]. Many researchers have conducted a lot of research on gate driver circuit
designs that are implemented in motor control system devices [2,3,5,16-19]. However, the study of
the effect of ringing switching behavior on the application of sensorless motor control systems is still
unknown. In general, the design applied in previous research focused on the design of isolated gate
driver, active gate driver and high-speed gate driver systems. Therefore, the proposed GDC is
designed comprehensively by considering the effect of ringing switching on the power inverter
components and providing a good isolation system in the implementation of sensorless control motor
devices in this study. The addition of a capacitance filter, resistor bootstrap and snubber circuit has
proven to overcome the problem of noise and switching losses in a circuit board design [5,16,18].
However, selecting the best circuit is an important thing to pay attention to effective sensorless motor
control devices designed. In this study, the effect of ringing switching conditions on the sensorless
motor control system is presented. Briefly, the ringing switching effect have an impact on the
accuracy of estimation rotor position in sensorless motor control systems which depend on motor
current information. Therefore, the ringing switching effect as a special consideration in designing
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the proposed system were observed in this study. In addition, cost efficiency in selecting the
components has been considered in the proposed control design to ensure appropriate features and
a simple configuration. Due to the several important aspects that need to be considered in designing
a reliable control system, the main contribution in this study is to provide the motor control devices
with improved GDC that are efficient, can minimize switching losses and good isolation system.

The next section of this paper is organized as follows. Section II explained the comparison of
gate driver circuits in terms of various criteria. The sensorless PMSM control technique based on
Back-EMF estimation was presented in section III. In section IV, the main ideas in the design of the
proposed motor control devices were discussed. Furthermore, the experimental results and
verification are in section V. Finally, the conclusion was described in section VI.

2. The Comparison of Gate Driver Circuit

GDC design is essential in any application, its reliable performance could improve the
performance in the whole system. Based on its application to the motor control device system, GDC
is a vital thing to consider for its performance, because its ability to isolate the PWM control signal
from the power inverter devices and to perform other additional operations. In general, gate driver
ICs and related components for designing GDCs are sold by well-known brands worldwide.
However, selecting the right components is considered for the effectiveness of system performance,
simple configuration, and cost implications in designing GDCs for motor control system applications.
In this study, the implemented control devices in sensorless motor control systems use to drive EVs.
Several comparisons are explained to provide an overview of how to determine a reliable GDC. A
comparison of GDC design configurations using commonly gate driver ICs is shown in Figure 1.

Configuration of gate driver by TCHZ4EPA
Configuration of gate driver by TLP2S0H(F)

P Sigual

TLFTRER)
1 e B =

o (b)

Configuration of gate driver by IR2110PBF

Figure 1. The configuration of Gate Driver Circuit: (a) Configuration by TC442EPA; (b) Configuration
by TLP 250(H)F; (c) Configuration by UCC27710; (d) Configuration by IR2110PBF.

In [20,21], GDC using TLP250H(F) was applied to a three-level inverter system, where this gate
driver was chosen because it has a high driving current, which is suitable as an isolation system
between PWM signals and power devices. In addition, the low cost and simple circuit made this gate
driver a good choice for efficient GDC designs. The use of the TC4424EPA gate driver was also
explained in previous research [2] that is suitable for use in inverters that operate at high frequencies.
So that, this type of gate driver is popular for use in SiC, Power IGBT/MOSFET devices that operate
over a wide frequency range. In [22], the UCC27710 also has a dual input and output feature that can
operate at high voltage and high frequency. So that, it can be an alternative in GDC design for the
application of motor drive control systems and smart grid power inverters. As the other component’s
IC of GDC types, the IR2110 gate driver is often used in GDC designs. Previous studies [2,5,16,17]
have also discussed the application of IR2110 used for motor control systems, isolated gate drivers
and high frequency inverters on IGBT/MOSFET power devices with optimal performance.

In addition, a price comparison is also given based on the search results from one of the online
vendors as shown in Figure 2. Generally, the unit price of the gate driver IC selected for the proposed
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system is not the cheapest, but to obtain an effective GDC configuration system with a protection
system, good isolation and performance, price efficiency, and the gate driver IC features offered have
been considered in determining a reliable and effective GDC design.

Comparison of price in per-unit

TLP250H(F)
17%
IR2110PBF
uCcCc27710
15%

TC4424EPA 36%

Figure 2. The comparison price per-unit of gate drivers. (Note: Prices shown are subject to market
fluctuations.).

Based on the results of the unit price comparison, the IR2110PBF gate driver IC used in the
proposed system is the second most expensive. However, considering the system configuration of
each gate driver and the provided protection system functions, it is expected that the selected gate
driver IC can be the most efficient GDC system design. In this case, the gate driver design using the
UCC27710 has the lowest gate driver price. However, there are several important factors to consider
when designing a GDC as explained above. In order to design a reliable and safe GDC using the
UCC27710 gate driver, it is necessary to add an isolation side to separate the PWM signal ground and
the power inverter that increases the cost of the GDC design (Figure 1.c). Furthermore, the gate
driver circuit design using the TLP250H(F) has the second cheapest gate driver price (Figure 2), but
for application to a motor control system with a half-bridge configuration as shown in Figure 1.b,
gate driver components and one circuit are required for signal conditioning in the implementation of
motor control systems that operate at high frequencies. Hence, this may increase the price of the GDC
design. Meanwhile, the TC4424EPA gate driver has the most expensive price because it has a newer
design and features, but this gate driver still requires side isolation and a signal conditioning circuit
as shown in Figure 1.a, which increases the complexity and cost of the GDC design. The IR2110PBF
gate driver is one of the gate drivers commonly used in motor drive control implementations. As
explained in Figure 1.d, the configuration is generally very simple and can be used without adding
side isolation because this gate driver is included in the isolated gate driver category as mentioned
in previous research [2,17]. In addition, this gate driver IC also does not require the use of signal
conditioning even though it operates at high frequency switching, that makes the GDC design more
practical. Moreover, to achieve reliable performance in designing the GDC, other comparisons such
as delay time and detailed characteristics of each gate driver is considered as shown in Table 1:

Table 1. Comparison features by IC gate driver database.

Parameter Symbol UCC27710 TLP250H(F) TC4424EPA IR2110PBF
(Proposed)
Manufacturer - Texas Instrument Toshiba Microchip Infineon
Package/case/type - SOIC (8) DIP (8) PDIP (8) PDIP (16)
Supply voltage Ve 10V 10V 4.5V 10V

Operation of current supply Iace 0.42mA 5mA 2.5mA 0.34mA
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5
Peak of Curre'nt o'utput / short o 1A 2 5A A A
circuit
Turn-ON propagation delay Ton 190ns 500ns 75ns 150ns
Turn-ON rise time T: 12ns 50ns 35ns 25ns
Turn-OFF fall time Tt 11ns 50ns 35ns 35ns
Latch-up protection - 1A 1.5A 1.5A -
Required of adfiltlonal isolation ) Yos No Yos No
side
Required of signal conditioning - No Yes Yes No
Reference - [22] [23] [24] [25]

Based on the feature’s comparison in Table 1, the IR2110PBF gate driver shows that it has many
advantages. Therefore, in this study, this gate driver was selected to improve the GDC design in the
proposed motor control device system. In this case, improvements to the GDC design need to be
made because considering that the proposed GDC design is not enough to provide good isolation
between signal PWM devices and power inverter devices, the GDC design should also provide the
best performance in minimizing the resulting switching noise (losses) from the behavior of the system
components themselves. Sections IV and V show the effects of switching noise (losses) on the power
converter components and the influence of these conditions on the implementation of sensorless
motor control systems, where these conditions can reduce the performance and accuracy of the
system.

3. A PMSM Mathematical Model for Back-EMF Estimation

Evaluation of the performance of GDC design improvements in the proposed motor device
control system was applied to sensorless PMSM motors. Several sensorless motor control techniques
have been developed with the aim of increasing the reliability of the use of these motors. In this study,
the motor was operated in a wide speed range (medium or high). In general, a popular technique
used for the medium to high speed range is Back-EMF estimation using observer technique. The
observer technique is a method of estimating a variable that cannot be obtained directly by
measurement or observation. In practice, the observer is used to estimate the variable (x) from the
input (u) and output (y) because the variable (x) cannot be obtained directly. In detail, the basic
concept of observer technique is shown in Figure 3, there are two main parts, namely the control
object and the observer model. In this case, the observer model is designed using parameters from
the control object. If the output of the observer model and the control object are the same, the variable
(x) and the estimated variable (%) will not differ. However, if there is a difference, the error between
the output of the control object and the observer model is multiplied by the gain to minimize the
error in the estimated variable (X), which is the basic principle of the observer technique.

I +<n X(D) x(t) y(t)
m B % f J ¢

u(t)

F
=
v

fé@+

Part of Observer Model

Figure 3. Full-order state observer.
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In this study, the full-order state observer is used to obtain Back-EMF estimates. The observer
model for Back-EMF estimation is designed using motor parameters (motor resistance (Ra) and motor
inductance (La)) and motor variable measurements (voltage or current). In this case, the estimation
can be performed because Back-EMF has a correlation in three phase reference frames with speed
and rotor position information on the PMSM motor, as shown in Figure 4. For further details, the
Back-EMF estimation model for PMSM motors can be formulated in the following equation:

cos (6,)
Va Ra+pLs 0 0 lq COS(@ _2_7T)
v | = 0 RyypLs 0 ip| — kowm e 3 1)
Ve 0 0 Ra+pLs ic

2n
cos(6, + ?)

Where v,, vp, V,, g, 1, ic Rq, Ls are the stator voltage each phase, the stator current each phase,
resistance of the armature and self-inductances of the motor respectively, meanwhile p, k,, w,, are
differential operator %, Back-EMF constant in vs/rad, and speed of the rotor, respectively. In
stationary frame, correlation of Back-EMF in PMSM motor equation can described as follows,

[Ua] _ [Ra +p(ols + ALg cos 26,,) AL sin 26, ] [ia] _k [—sin@e ’
Vgl ™ AL, sin 20, R, + p(oLg — ALg cos 26,)] |ig e®m | cos6, 2)

Where v,,vg, iq,ig are the stator voltage and current in aff reference frame, meanwhile

oLgand AL as follows,

Lg+L Ly —L
aLsde 4. AL, =24 3)

—kewpsind,= e, ; k.wycos0, = ep (4)

In this study, the type of PMSM motor used is a Surface Mounted Permanent Magnet
Synchronous Motor (SPMSM). Therefore, the Equation 2 can be rewritten as follows,

R,
drie] | Lg ig] 1wer 1 e
E[ip]_ R, [ip]+L_S[VB] L, [eﬁ )
0 -
L]
B -~ B

N N N
R

§

.-H-\-""‘——\_ _F___,/’ /
— &

Figure 4. The relationship of rotor position and speed of the motor in three reference frames.
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According to the correlation shown in Figure 4 and Equation 2, the rotor position and motor
speed information can be known. In addition, the control object and observer equation of this study
are described as follows,

{J’C(t) = Ax(t) + Bu(t) ©)
y(t) = Cx()
{fc(t) = Ax(t) + Bu(t) + K.{y(t) - ()} )
y(@) = Cx(0)
The output difference between the control object and the observer model can be written as the
following error equation,
() = 2(t) = Alx(t) = (O} + Ky (®) — 9(1)} (8)
e(t) =x(t)—x 9)
é(t) = (A—-K,Ce(t) (10)
According to Equation 5, the Back-EMF estimation in the full-order observer was implemented
using alpha-beta current information (i, ig) and the gain vector (K, = [Keq,Kez, K.3]") can
represented by the matrix when the Back-EMF «af axis are assumed as follows,
€y = emtl + eno (11)
ep = e,;lt + €po (12)
(&1 [ X o|fay [+ Koy
d | —~ L L — L ~
- || = OS OS e+ OS v, + |Kea| (i, - 1)
—_— o~ K
e e 3
) BO 0 R 0 0 a0 0 € (13)
ia
o PR Il B
\ eaO
~ R 1 T 1
( lﬁ -2 - 0 lﬁ - Kel
d |~ Ls Ls - Ls K , 7~
zem = 0 0 1 €p1 | + 0 vﬁ+ e2 (lﬁ—Lﬁ
~ —_ K
e e e3
tg
p=[1 0 o] |en
\ €s0
In this study, based on the observer result, the estimated rotor position and rotor speed can be
expressed by the following equation:
— ey
0, = tan™t — (15)
s
d _—
W, = dt B (16)

Where 6,, @., &, , ep are estimated position of rotor, speed estimation of the rotor, Back-EMF
in alpha (o) axis and Back-EMF in beta () axis, respectively. In this case, the design of the observer
model is highly dependent on the current signal to be obtained Back-EMF estimated. Therefore,
minimizing the interference or noise in the signal can maintain the accuracy of rotor position
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estimation. The effect of current signal distortion on the performance of rotor position estimation in
sensorless PMSM motor control systems is discussed in detail in section V.

4. Proposed Devices for otor Control Application

This section explains in detail the system integration in improving the implementation of
sensorless motor control devices. In this study, the proposed configuration of single-stage motor
control devices includes the improvement GDC using IC IR2110PBF with ringing suppression circuit,
PWM signal generation using FPGA, and power inverter using IGBT FGW85N60RB. The proposed
system aims to provide a good isolation side, minimize switching losses and suitable for
implementation in sensorless motor control systems. The overall schematic of the proposed system
is shown in Figure 5.

| FPGA

ﬂ%
)
B
I-l:;-it;
Tl

Ly

| T =
d b1
L1 h—e iﬁéﬂ'
— ]
g =
- [ /
H2 =
K= £ <
[=
| =
. EE PMSM
— :
—
|| A )
d R
— ¢
— O VE
A= _ N
d o
= ) ,
"
| [ 9 )
GND
—_—— Configuration of GOC using IRZ110PBF
Isolated PWM Signal with indicaror LED ﬁ,-m ringing supress ,-fn creult Power Inverter

Figure 5. The schematic diagram of proposed motor control device.

Figure 6 shows the results of the proposed prototype laboratory motor controller. The PWM
signal generated by the FPGA has a voltage level of 3.3V with limited current capability, so it cannot
be used to directly drive the IGBT inverter. Therefore, conditioning the PWM signal level and
providing good side isolation is the first focus in our proposed system. The FOD 3182 optocoupler
IC is used to amplify the signal and provide isolation functions in the GDC design. This IC could
increase the PWM signal level to 15V with a current capability of up to 1A and also can provide good
isolation conditions. The amplified and isolated PWM signal is then applied to the IR2110PBF gate
driver IC to generate high and low side signals that are used to drive the IGBT on the inverter
component. In the contrary from previous studies and typical configuration, the GDC using the
IR2110PBF usually requires two power supplies because the voltage levels on the input and output
sides have different voltage levels. However, in the proposed system, the input and output voltage
levels are same by voltage amplification, so that one power supply is sufficient. In addition, there is
an indicator that shows whether PWM is active or non- active to facilitate the analysis process when
troubleshooting is required.
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Figure 6. The laboratory prototype of proposed motor control device.

Furthermore, by selecting the proper R, maximum current can be drawn from the GDC to
quickly charge the capacitance gate of the Ciss (Copt+ Cas+ Cps) power inverter component when it is
on. The fast recovery diode FR207 and Rep are used during the OFF state to provide system safety
against floating gate conditions when the power inverter component is not activated (Coss discharge
including Ir). On the other hand, the second focus in our proposed systems to minimize switching
losses due to ringing switching behavior in the power inverter component. So that, it is necessary to
add a circuit to overcome this in the proposed GDC design configuration. The equivalent circuit in
Figure 7 describes the flow analysis of the ringing condition, including parasitic elements in the
power switching component. Ccp, Cas, Cps, Lp, Lg, Ls are capacitance and inductance represent
parasitic element of gate, drain and source in power switching component. While, Ra, La, ea are
resistance of PMSM, inductance of PMSM, induced voltage of PMSM, respectively.

Equivalent eircuit of half
inverter with parasitic elements Flow of ringing condition in circuit

[Con1 l
“1 | Cpar

bl

“,

ﬂ
It

)
,

)
=)
7
i

Figure 7. The equivalent circuit and flow of ringing conditions in inverter including parasitic

elements.

In this system, the parasitic inductance in the ringing flow appeared with the notation Les as a
parasitic element on the source side when the DC source and Cin are connected. In addition, Res
appeared as AC and DC resistance in the ringing flow area. Parasitic inductance was connected in
series with the drain and source in the power switching component that has impact on the transition
speed and peak voltage connected to the load. The voltage across the parasitic inductor during the
ON-to-OFF transition or vice versa can be explained using Equation 18. During the ON transition,
the Ip drain output current increases and produces a positive voltage due to the effect of crossing the
parasitic inductance, which causes a decrease in the effective voltage on the power switching device
by inducing the occurrence of a voltage spike on the negative side. Meanwhile, during the OFF
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transition, the Ipo output current decreases and produces a negative voltage due to the effect of
crossing the parasitic inductance, which causes a voltage spike to be induced on the positive side.
Based on these conditions, a C filter circuit and ringing suppression can be added to reduce the effect
of parasitic inductance (Lr + Lps), which increases significantly in high frequency system
implementations. The effect of parasitic inductance was represented in a ringing condition flow
equivalent circuit for circuit analysis. In this study, the flow and load equivalent circuit in the GDC
design using IR2110PBF included a typical configuration, a configuration with the addition of a filter,
and a proposed configuration with the addition of a ringing suppression circuit shown in Figure 8.
In the condition of the voltage at Cin and source was constant, the drain-to-source voltage can reach
its peak with the drain output current value Io approaching 0. In addition, if the input voltage at
capacitor Cin is less than the source voltage due to parasitic effects and the output capacitor voltage
Coss is greater, ringing current condition can be occurred as shown in the blue dashed line. The filter
C and the ringing suppression circuit role to provide a path by bypassing the resonance phenomena
caused by parasitic elements. Hence, the circuit minimized the effects of parasitic elements at high
frequencies and prevented high-frequency currents from returning to the source. Therefore,
attenuation can be achieved in ringing flow conditions.
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Figure 8. The equivalent circuit and flow of ringing conditions in inverter including parasitic
elements: (a) Typical configuration; (b) Configuration with capacitance in high and low side; (c)
Configuration with ringing suppression circuit of proposed systems.

In addition, the GDC design using the IR2110PBF IC gate driver by applying a typical
configuration, a configuration with the addition of a filter circuit, and a proposed configuration with
the addition of a ringing suppression circuit were observed to obtain reliable GDC design
improvements in the implementation of the proposed motor control devices. The three schematic
diagrams of each configuration are shown in Figure 9.
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Figure 9. The schematic of Gate Driver Circuit using IR2110PBF after amplification in isolated side:
(a) Typical configuration; (b) Configuration with capacitance in high and low side; (c¢) Configuration

with ringing suppression circuit of proposed systems.

The results of testing the ringing switching conditions of power switching components in
previous research were used to see the presence of parasitic phenomena under these conditions.
Based on these observation results (Figure 10b and Figure 10c), the use of capacitors as a filter circuit
installed in parallel on the high and low sides is proven to minimize the ringing switching conditions
up to 75% in the PWM signal of power inverter compared to typical configuration. However, it is
necessary to improve the effectiveness of minimizing these conditions to achieve better performance.
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Figure 10. The effect of ringing switching behavior in semiconductor material: (a) Reported behavior
in previous research [26]; (b) Voltage spike in typical configuration; (c) Voltage spike of configuration
using capacitance in high and low side; (d) Voltage spike of configuration using ringing suppression

circuit of proposed systems.

The result of the proposed configuration using a ringing suppression circuit appears to have
superior performance effectiveness in minimizing switching losses at the GDC output (Figure 10d).
In this study, when the voltage spike occurs, it does not exceed 1.75% of the nominal PWM voltage.
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Therefore, in the proposed GDC configuration, a ringing suppression circuit was implemented using
a series-parallel circuit of capacitor and resistors connected to the load. Practically, the equation for
determining the capacitance and resistance values of the ringing suppression circuit according to the
equivalent circuit analysis in Figure 8c can be written by the several equations in the following:

The voltage spike during transition condition including the parasitic effect can be described as

follows,
Vspike = Vip + Vs (17)
dip
Vip =Lp— 18
LP Pt (18)

Due to the inductance parasitic effect which caused resonant condition occurs. Hence, this
condition can be written as follows,

1
w . = —
Spike Lp Cp

The assumed of voltage spike and resonant condition impact of parasitic inductance effect can
be analyzed by adding the capacitor and damping resistor. Therefore, the inductance parasitic

(19)

elements of the circuit can be calculated by following equation:

2

I\’ \/T
1 _ Coss . _ 1 1— (Coss+ Cin) (20)

Fopirer = ——— |1 i Fopikes =
P ot JLpCoss 2Rpp e ot Lp(Cosat Cin) 2Rpp
L 1
P = 2 (21)
4m? (FSpikelFSpikeZ) Cin
In addition, the ringing flow was occurred when the switch is closed and a voltage source is
connected to a series LC configuration of the parasitic element. Furthermore, to consider the damping
ratio and frequency that use for the circuit, the capacitance and resistance value of the ringing
switching circuit can be described as follows,
(Lplp)?
CSP = 2 (22)
(VSpike - VS)
2¢&/L
L 23)

Where Vgpike, Vip, Vs, Ip, Ir, are peak spike voltage in ringing switching behavior, voltage in
inductance parasitic, drain current, floating current in OFF condition, respectively. Meanwhile,
Wspiker Fspike1r Fspikezs Fs, are spike resonant in ringing flow, frequency value of ringing flow by
original capacitance effect in semiconductor component, resonant value of ringing flow by original
capacitance effect in semiconductor component with additional external capacitance, switching
frequency respectively. Furthermore, Lp,Csp,Cpss, Cin, Rsp, Rpp , € are inductance in parasitic
behavior, capacitance of ringing suppression circuit, original capacitance value in semiconductor
component, external capacitance to show effect parasitic in ringing flow, resistance of ringing
suppression circuit, resistance of pulldown and OFF condition, damping in optimal design of ringing
suppression circuit, respectively.

Based on the above explanation, the effectiveness of GDC performance can be increased by
minimizing switching losses caused by the ringing switching behavior of semiconductor
components. This is an important factor in achieving reliable motor control performance. The
evaluation of the proposed motor control device in the implementation of a sensorless motor control
system is explained in the next section.
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5. Experimental Results

In order to evaluate the practical performance of the proposed laboratory prototype motor
control device design, the experimental setup is shown in Figure 11. Tests were conducted on the
implementation of PMSM sensorless motor control using the Back-EMF estimation by observer
method to obtain information on the rotor position and motor speed. In this study, the motor was
operated in the speed range of 1000 rpm to 3000 rpm, in which the Back-EMF estimation could be
well performed. Two current sensors are installed in phase A and phase B as a variable information
to design the observer model for the Back-EMF estimation process. In this case, the results of the
current sensor readings for each phase were processed by the ADC and DAC system and displayed
on the Memory Hi-Corder to simplify the evaluation and analysis process performed. Detailed
specifications of the supporting equipment used in the experimental setup are explained in Table 2.

Figure 11. The experimental setup.

Table 2. Specification of equipment in experimental setup.

Components Specifications
DC Power Supply (PSF-800L), (PW 18-1.3AT)
PMSM DTBL-3518X (4 pole, 185W, 15A)
Current Sensor PmodISNS20 (ACS722-20A)
ADC ADCS7476 (12bit with rate conversion 1IMSPS)
FPGA ARTY Z7 pyng-20
Memory HiCORDER Hioki 8860-50
PC Interface Intel(R) Core (TM) i5-7200U

The experimental comparison results are detailed in Table 3. Several tests were performed on
the proposed motor controller device with a switching frequency of 25 kHz. The first test was
conducted on the integration of the sensorless PMSMS motor control system with the motor
controller device using a typical GDC IR2110PBF configuration (Figure 9a). In this study, the system
performance evaluation regarding the ringing switching behavior during the transition condition
from OFF to ON is observed, because direct impact on the performance of the motor device control
system. Figure 12 shows that the inverter output current waveform connected to the motor
experiences an average current spike of more than 33%, which is more than 1 ampere in the peak
current conditions of 3A. In this case, this condition occurs for 4ms in one cycle period. These results
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show that the parasitic effect on the power inverter component as mentioned earlier, caused the
ringing switching loop phenomenon that impact the inverter PWM waveform (Figure 10b).
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Figure 12. The observation result of motor control devices using GDC by typical configuration
IR2100PBF under peak current 3A: (a) Current measurement in Phase-A; (b) current measurement in
Phase-B; (c) rotor position estimation by Back-EMF observer.

In this study, reported there are correlation with the current spike that occurs at the inverter
output due to effect resonant and voltage spike in PWM. According to the results (Figure 12a and
Figure 12b), it is known that the current waves in phase-A and phase-B are distorted, which affects
the performance of the Back-EMF observer that requires motor current information. Hence, the
condition causes the rotor position estimation to be disturbed, thereby reducing the accuracy of the
observer to estimate the rotor position (Figure 12c). Therefore, this problem should be avoided when
implementing a sensorless motor control system.

The GDC configuration with the addition of capacitor components in each section of the high
and low side gate drivers (Figure 9b) was implemented in the second motor device control test. This
is intended to minimize spikes in the PWM inverter (Figure 10c). However, based on the results
shown in Figure 13, the effectiveness performance of the motor controllers was still less than optimal
because the current distortion in phase-A and phase-B was still quite large about 30% in the peak
current conditions of 3A (Figure 13a and Figure 13b). Although the spike oscillation time in this
condition is 2ms shorter than the first test, this condition still has an impact on reducing the accuracy
of the rotor position estimation results (Figure 13c). Therefore, efforts to minimize the occurrence of
spikes are still needed to improve the performance of motor controllers.
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Figure 13. The observation result of motor control devices using GDC by typical configuration
IR2100PBF modified with capacitance in high and low side under peak current 3A: (a) Current
measurement in Phase-A; (b) current measurement in Phase-B; (c) rotor position estimation by Back-
EMF observer.

The third test was performed on an improved GDC configuration using a ringing suppression
circuit to minimize the spikes that occurred. In this study, this configuration (Figure 9c) was applied
to control motor devices proposed in the implementation of a sensorless PMSM motor control system.
In Figure 14, the effectiveness of the proposed system showed good performance. In this case, when
the output current inverter connected to motor is 3A the voltage spike on the PWM to drive the IGBT
power inverter can be properly minimized (Figure 10d). Based on the test results shown in Figure
14a and Figure 14b, the current waveform is consistently smoother. In the event of a current spike,
the maximum does not exceed 10% of the peak current of 3A and the oscillation time is approximately
less than 1ms. Moreover, minimizing the current distortion in phase-A and phase-B can maintain the
accuracy of the rotor position estimation, as depicted in Figure 14c.
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Figure 14. The observation result of motor control devices using GDC by typical configuration
IR2100PBF modified with ringing suppression circuit under peak current 3A: (a) Current

measurement in Phase-A; (b) current measurement in Phase-B; (c) rotor position estimation by Back-
EMF observer.

In addition, the test taken by different current has been carried out to show that the performance
of the proposed system is not dependent on the current used. The peak current of the inverter
connected to the motor was raised to 4A. The results in Figure 15a and Figure 15b seem there is no
current spike and the waveform also consistently smoother. So that, the result of estimation rotor

position using Back-EMF observer shown performance is well to obtained the rotor position
information (Figure 15c).

Table 3. The comparison of experimental result.

Type of configuration Max. Current spike Impact of rotor position

Max. Oscillation time

estimation
Typical (Testl) 33% 4ms Large distortion appeared
Adding filter C (Test2) <30% 2ms Large distortion appeared
Proposed (Test3) <10% <lms Large distortion not appeared
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Figure 15. The observation result of motor control devices using GDC by typical configuration
IR2100PBF modified with ringing suppression circuit under peak current 4A: (a) Current
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measurement in Phase-A; (b) current measurement in Phase-B; (c) rotor position estimation by Back-
EMF observer.

It should be noted that spikes, which cause distortion of the motor current, are caused by the
ringing switching behavior impact of the resonance parasitic elements in inverter components, as
well as electromagnetic interference (EMI). This condition expected not only affects the accuracy of
rotor position estimation, but also increases total harmonic distortion (THD) and reduces power
efficiency due to potential electrical losses. As explained earlier, the ringing switching behavior was
caused by the components in the inverter. Therefore, it is expected that the proposed motor control
device design with the addition of a ringing suppression circuit to the IR2110PBF gate driver IC
configuration can also be implemented and function well with other types of gate driver ICs. Thus,
the design of the proposed system can be effectively used in the application of sensorless motor
control systems to improve performance, enhance the accuracy of rotor position estimation, and
reduce electrical system losses that can negatively affect the overall system performance.

6. Conclusions

In this study, an optimal control motor device by improvement GDC has been proposed for the
implementation of sensorless PMSM motor control. The evaluation based on experimental and
theoretical aspects showed that the improvements in the proposed GDC were proven to reduce the
switching losses in semiconductor materials and EMI in circuit designs. The switching losses caused
by ringing condition in the effect of parasitic element, gave the effect of periodic current distortion,
which can reduce the performance of motor control devices. On the other hand, this study also
evaluated the ringing switching condition had an impact on the accuracy of estimating rotor position
by back-EMF observer of a sensorless motor control system, which uses current information to extract
rotor position information. From the results of the experiments, it is confirmed that the proposed
systems can overcome these two problems by producing low switching losses and eliminating
current distortion to obtain accurately estimation of rotor position. In summary, the improvement of
GDC has demonstrated the performance of cost-effective implementation of sensorless motor control
systems. Moreover, the proposed systems and its design methodology should serve as a roadmap for
beginners in developing reliable power electronic systems, especially in motor control
implementation. In the future study, the application of the proposed systems to sensorless PMSM
motor control using other techniques such as high-frequency injection will be conducted.
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