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Abstract: The purpose of this study is to investigate the impact of the voltage drop of a three-phase
voltage source inverter in driving brushless motors. This study also proposes an enhanced Field
Oriented Control scheme that accounts for the inverter voltage drop enabling efficient drive at very
low motor-speeds. Experimental results are provided to verify the theoretical study and the
proposed control scheme.
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1. Introduction

Three-phase brushless motors have been in the forefront of industry for more than three decades
due to their efficiency and low cost. During this period, the technological development of
microcontrollers enabled the implementation of sophisticated control schemes for those motors that
have also been widely applied in the industrial sector [1]. Sensor-less Field Oriented Control (FOC)
has been one of those control schemes, probably being among the most popular when it comes to
industrial motors. Compared to conventional control schemes, sensor-less FOC provides efficient
motor drive with fast dynamic response and better motor controllability, low current total harmonic
distortion (THD), and reduced losses [2,3]. However, when it comes to applications where
controllability over very low motor-speed is required, the utilization of a high-performance
microcontroller unit (MCU) might be a prerequisite; it is noteworthy that the minimum stability
margin in many occasions could manifests at low speeds [4]. However, many residential and
consumer electronic applications are sensitive to cost applications, and high performance MCUs
cannot be easily afforded. Indicatively, household laundry motors with a gear ratio of 10 should work
reliably down to 80 RPM, using conventional inexpensive microcontrollers, such as XMC13, XMC14
or PSoC4 from Infineon [5],[6], STM32G0 family from ST Microelectronics [7], MSPMOG from Texas
Instrument [8], and LPC800 series from NXP [9]. The constraints posed by the low bandwidth, along
with the nonlinear voltage drops introduced by the driving system, particularly as highlighted later
in this study the dead-time inverter voltage drop, can contribute to suboptimal controllability at low
motor speeds. To tackle this problem, the voltage drops are typically modelled as an average voltage
loss over the switching period and are then compensated directly within the abc-reference frame [10-
13]. This compensation involves integrating them into the reference voltages generated by the FOC
scheme, right before entering the Pulse Width Modulation (PWM) stage. Alternatively, the inverter
voltage drop effect can be treated as a pulse shift error and directly compensated for in each PWM
cycle [14, 15]. Some other works have proposed online compensation methods [16,17]. These methods
are generally more intricate as they involve real-time estimation of the voltage drop, necessitating
intensive computational processes. In addition to the online methods, some studies propose the self-
commissioning characterization of the inverter during startup or when the motor is at a standstill [18-
20]. In these works, the non-linearities of the inverter are estimated and stored in Look-Up-Tables
(LUT) for subsequent compensation in the abc-reference frame. The techniques employed to generate
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these LUTs often involve current injection methods, such as applying a staircase current with a
predetermined number of steps [19] or utilizing an increase-decrease current injection technique [20].

Although the above works target motor-drive applications, they do not consider low-end
sensorless applications under dynamic conditions. Furthermore, achieving complete compensation
of the inverter voltage drop is challenging due to nonlinearities like parasitic capacitances [15],
temperature variations [18], DC-link voltage variations and so on. Therefore, as will be shown in this
work, in low-end sensorless applications the direct compensation at abc-reference frame might prove
inadequate, resulting in suboptimal performance at low speeds because of the insufficient
compensation during dynamic conditions. Instead, it might be beneficial to address the compensation
for the inverter voltage drop at the flux observer stage within the FOC framework where the system
dynamics are better considered, rather than at the abc-reference and PWM stage. Such an attempt is
made in [21], where a self-commissioning inverter characterization technique is proposed to identify
and subsequently compensate the inverter non-linearities at the observer stage; a current is injected
by the inverter during startup (when the motor back electromotive force (EMF) is zero) identifying
and storing the inverter non-linearities. These identified nonlinearities are stored in a LUT for
subsequent compensation. A similar attempt is made in the current work, where the voltage drops
are compensated for at the flux-observer stage using a LUT. The key distinction from the work
presented in [21] lies in the fact that in the current study the voltage drops are normalized within the
afp-reference frame offline (without any characterization process being involved) and pre-stored in a
LUT. Subsequently, based on the sign of the inverter current, the voltage drops are retrieved from
the LUT and employed within the af3-reference frame at the flux-observer stage. While the proposed
technique may not address all the nonlinearities of the inverter, it offers a straightforward solution
that ensures effective motor control across a broad speed range. Additionally, this is a
computationally inexpensive and fully compatible with low-cost microcontrollers solution, as it
requires only a 64-Byte LUT to represent the inverter voltage drops in the af-reference frame as part
of the FOC scheme. Moreover, when the motor reaches a certain speed, the impact of voltage-drops
dilutes, therefore the controller disables the proposed voltage-drop compensation, transitioning into
a conventional FOC controller. The entire FOC control scheme including the proposed methodology,
has been implemented with an inexpensive 40 MHz 32-bit ARM® Cortex®-M0+ microcontroller of
64 kB, and 8 kB RAM, and has been experimentally tested for a low-end motor of 545W nominal
power. Simulation and experimental results are presented to verify the effectiveness of the proposed
methodology. The obtained results constitute this method as a promising solution for low-end
Brushless motor drives.

To conclude, this paper studies the inverter voltage drop phenomenon in low-end motor drives.
It also proposes a methodology to account for the voltage-drop to improve the controllability of
brushless motors at low speeds. The proposed methodology can be easily implemented with
inexpensive microcontrollers, such as ARM® Cortex®-MO0 microcontrollers [5-9].

The rest of the paper is organized as follows: In Section 2, the system under study is described.
In section 3 the principle of the FOC algorithm is presented. In Section 4 the voltage drop of the
inverter is theoretically analyzed and modeled and the proposed methodology is presented. Section
5 and 6 present the simulation and experimental results, respectively. Finally, Section 7 concludes the
paper and ideas for further applications are suggested.

2. System under study

The system under study is illustrated in Figure 1. It is a conventional architecture of a low power
motor drive system that comprises four subsystems/stages; the - mandatory - electromagnetic
compatibility filter stage has been omitted from the description. The first subsystem is the Power
Factor Correction (PFC) converter. The main task of the PFC is to provide a regulated output voltage
and to improve the grid AC current Total Harmonic Distortion (THD). In this work a two-channel
interleaved boost PFC converter has been used, maintaining a close to unity power factor (PF), low
THD, and 400 V regulated output voltage, via a proper voltage regulation and power factor correction
control scheme.
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The second subsystem is the inverter, which is the subject of our work. In this work a three-
phase two-level voltage source inverter (VSI), typical of such motor-drive applications has been used;
the DC-input of the inverter is connected to the PFC subsystem, while its output is directly connected
to the electric motor stator windings. The control of VSI is realized via a low-end MCU.

The MCU is the third subsystem. Typically, the MCU is a conventional low-end microcontroller
that provides a PWM peripheral, along with an analog to digital (ADC) peripheral, and a serial
communication peripheral. As previously noted, the MCU utilized in our work is a 40 MHz ARM®
Cortex®-M0+ microcontroller equipped with 64 kB flash memory and 8 kB RAM. The ADC module
boasts a 12-bit ADC channel, capable of handling a maximum conversion rate of 1.2 million samples
per second, whereas the achieved Pulse Width Modulation (PWM) accuracy was measured at 10.29
bit.

The final subsystem is the driving unit, which encompasses a motor linked to a mechanical load;
as this study focuses on applications that require low-end motors, it includes residential laundry
appliances and air-compressors.

PFC VSI motor drive
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Figure 1. Electrical diagram of system under study.

3. FOC description

This section aims to describe briefly the FOC control-scheme. Figure 2 illustrates the typical
block diagram of a sensorless FOC [3], where the term sensorless refers to the method of estimating
the motor speed and position. In other words, the position (Oe.) and speed (1) of the rotor are not
directly measured but estimated/calculated. It is also worth noting that according to Figure 2, FOC
enables the control of the motor speed directly from the g-component of the motor current, while the
d-component of the motor current is directly related to the flux that is produced by field windings.
Severing the direct relationship between motor speed and the d-component of motor current yields
significant advantages in terms of control. In this study, an initial DC current is injected to the motor
stator windings during startup, thereby orienting the rotor to its initial position. This approach
effectively decouples the motor control parameters.

In the current work, the position (Oest) and speed (nest) are estimated with the aid of a reduced
order flux observer, akin to the one described in [22]. This method provides a robust low-complexity
solution with good dynamic control and wide speed range operation, even in the presence of
parameter variations and measurement noise. The flux observer receives as input the motor current
and the VSI reference voltages at af-reference frame, while it generates as an output the estimated
motor speed and position. The motor speed is controlled via a Proportional Integral (PI) controller.
The task of the PI controller is to maintain the estimated speed at speed reference value nry. The
output of this PI controller is used as the input reference g-component of the motor current. The
measured and reference g-components are fed to a second PL the output of which is used to generate
the reference value of the g-component of the inverter reference voltage. When flux weakening is not
engaged, the reference value of the d-component of the motor current is set to zero (0.0). The d-
component is controlled via a third PI controller, the output of which generates the d-component of the
VSI reference voltage. The generated dg-components of the voltage reference of VSI are transformed
back to abc quantities with the aid of the inverse Park and inverse Clark transformations. These time
variant voltage quantities are considered as the output of the FOC control scheme. They are fed to
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the PWM module of the MCU along with the DC-link voltage to generate the appropriate switching
pattern that will drive the insulated-gate bipolar transistors (IGBTs) of the VSI; in the current work
the modulation strategy that has been used is based on the bipolar PWM, while a third harmonic
injection is, afterwards, used to boost the DC-link utilization level. Once the switching pattern is
applied to the IGBTs, the inverter should generate the desirable AC voltage to drive the motor.
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Figure 2. Typical FOC block diagram.

It is also noted that in Figure 2 the FOC block diagram incorporates the Flux Weakening
component, as well. However, since the analysis in this paper focuses on low motor speeds, the
following discussion will omit the explanation of the flux-weakening part. For a more comprehensive
understanding of flux-weakening, readers may consult the relevant references [23, 24].

4. Inverter Voltage Drop Modeling

4.1. Basic analysis of Inverter voltage drop

As mentioned in the Introduction, when the FOC algorithm tries to control the motor at very
low speeds, the voltage that is generated by the inverter is in the same order of magnitude with the
inverter voltage drop, significantly affecting the estimated speed and the estimated position of the
rotor. This results in a poor performance of the flux observer and eventually of FOC. Indeed, for
typical sensorless low-end applications, the inverter voltage drop is the bottleneck for low-speed
control. In this section we are going to elaborate this problem by analyzing the VSI output voltage
and the voltage drop that occurs by the non-ideal characteristics of the inverter and we will propose
a solution to increase motor controllability at low speeds.

Due to intrinsic characteristics of the IGBTs and diodes as well as due to the switching
modulation pattern of the inverter, there is a voltage drop across the inverter output. This drop comes
primarily from:

e IGBTs/diodes conduction & switching losses (such us IGBTs forward voltage, and on state
resistance, diodes forward voltage-drop).
e PWM dead-time.

The voltage drop that comes from IGBTs/diodes conduction & switching losses depends on the
motor current and their bespoken inherent characteristics, while the voltage drop that comes from
the PWM dead-time depends on the dead-time duration and the level of the DC-link voltage. For
single phase applications, where the DC-link voltage of VSI is typically boosted around 400V, the
PWM dead-time is the predominant factor of VSI voltage drop.

With the aid of the circuit in Figure 3, we can gain a better understanding of the physical
representation of the inverter output voltage and the inverter voltage drop. Each leg of the inverter
generates a voltage with respect to node “0” (i.e. vxo) and a voltage with respect to node “m” (i.e.
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vxm), where “x” denotes the inverter phases, 4, b, and c. The output voltage of the inverter, hereafter
vxo, is dictated by the switching pattern of IGBTs and the DC-link voltage; as already noted, the DC-
link of single-phase applications is typically regulated by the previous stage (typically via the PFC)
to around 400V. The switching pattern of the inverter is dictated by the modulation strategy (PWM,
space vector modulation, discontinuous PWM, etc.), the reference voltage quantities vsa,ref, vsb,ref,
vsc,ref, (which are generated by the FOC scheme), and the peripheral configurations of the MCU
(PWM resolution, single-edge/symmetrical-mode, etc.). Although FOC generates in principle
symmetrical sinusoidal reference quantities, the inverter output voltage, vxo, and the voltage that is
applied at the motor winding, hereafter, vxm, contains high frequency components, because of the
modulation switching pattern. Due to the VSI topology and the modulation strategy, a high-
frequency voltage is also generated at vmo. The relationship between vxo, vxm, and vmo is defined in
the following equation:

Ve (£) = Vg () = Vo (£) = Vg (£) — 222 ®) + vb; () + veo (1) "

Inverter Leg

i)
) l J— Vam
= 0 Vao 1,
-~ e
g o — — — I }
v T Ve — — - I

motor

Figure 3. Voltage quantities represented in a leg of the 3-phase B6 Inverter.

To exclude the high frequency ripple from our analysis, we will adopt a switching-average
model [25]. Equation below, where “ * ” stands for switching average quantities, demonstrates the
mathematical approach behind the switching-average modeling;:

1 t+Tpwm
Vi = f V(e dt ()
Towm Ji

Applying the switching average approach to eq.1, we obtain the following expression:

t)" + )"+ t)*
Do (0" = g 0)" — 22219 v”"?’( )+ e () ®)

Assuming the case of an ideal inverter without voltage drop, vxo can be rewritten as:

%
vro(8)” = (2, (8)" = 1) - =~ @

, where dx(t)* (0 < dx(t)*<1) denotes the percentage of the switching period at which the upper IGBTs
are turned-on. dx(t)* is the control input signal to our model, the value of which is dictated by the
FOC controller.

In the case where the inverter is ideal, the sum of vao(t)*+ vbo(t)*+ vco(t)* is zero (0.0), as FOC
generates in principle three-phase symmetrical reference voltages, therefore:

vxm(t)* = VUxo )" )

Concluding, in case of dead-time free operation, the switching average voltage that is applied at
the windings of the motor (vxm) is controlled directly by the reference voltage that is generated by
the FOC.
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When the inverter is not ideal, the sum of voa(t)*+ vob(t)*+ voc(t)* is not zero (0.0), because vxo(t)*
also includes the inverter voltage drop. At low motor speeds, the motor driving voltage is low, and
the dead-time period of the inverter becomes the main source of voltage drops. Dead time is a well-
known concept in power conversion systems according to which the switching elements that belong
to the same inverter leg must simultaneously turn off - for a certain period - before each switching
transition, to avoid shorting the inverter.

To understand the rationale behind the distortion in the generated voltage, it is essential to
initially delve into the influence of dead time on the inverter output voltage, vxo. By examining
Figures 4 and 5, the discernible impact of asymmetric (keeping the turn-off edges intact) dead-time
on inverter voltage vxo* becomes evident.
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Figure 4. Impact of the asymmetrical dead-time on vxo (case of negative current).
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Figure 5. Impact of the asymmetrical dead-time on vxo (case of positive current).

Applying circuitry analysis in Figure 3 and considering the current flow analysis in Figure. 4
and Figure 5, we reach the following equations regarding the inverter output voltage:
If the current of x-phase is positive:

dead time\ V,
Vyo(£)" = (Zd;(t) -1-2- ) 2= (6)
Tpwm 2
If the current of x-phase is negative:
dead time\ V,
v () = (243(0) = 1+ 2 )¢ )
Tpwm 2
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As we observe, vxo(t)* contains an additional part, which depends on the direction of the
corresponding phase current. That additional part is hereafter named as inverter voltage drop. That
part is uncontrolled, and it depends on the DC-link voltage, the PWM dead-time, the PWM
frequency, and the direction of the corresponding phase-current; the resistance of switching element
(rds-on), and non-linearities such as parasitic capacitance [15] and switching elements junction-
temperature [18] also affect the voltage drop, however they are not considered in this study. To
distinguish the uncontrolled part from the inverter output voltage that we can control via the FOC,
we will use the following two conventions. The term vxo,FOC(t)* stands for the component that is
controllable via the FOC scheme, and the term vxo,drop(t)* stands for the uncontrolled voltage drop

component:
vxo,FOC(t) - (de(t) - 1)7 (8)
dead time )
T Vpe iSx(t) <0
Vxoarop(t)” = deaithI;Ime ©)
——Vpe iSx(t) >0
Trwm

, the sign of which depends on the x-phase current of the motor, iSx(t).

Based on eq.9, the magnitude of inverter voltage drop depends on the PWM period, the PWM
dead time, and the inverter DC voltage. As those parameters are typically fixed for each application,
the following constant can be used to benchmark the inverter voltage drop:

dead time

Virop = Vbe (10)

TP wM

Having defined vxo(t)*, we can define the voltage across the motor winding as:

Vao,Foc (t)* + Ubo,FOC(t)* + Veo,Foc (t)* + vao,drop (t)* + vbo,drop (t)* + Vca,drop (t)*

Ve (£)" = Uxo,FOC(t)* + vxo,d‘rop(t)* - 3 (11)
As FOC generates symmetrical three-phase voltages, eq. 11 is rewritten as:
% % % vao,drop (t)* + 17bo,drop (t)* + 17co,drop (t)*
Uxm(t) = vxo,FOC(t) + VUxo,drop ) — (12)

3

Like vxo(t) *, the switching average voltage that is applied across the motor winding, vxm(t)*,
consists of two parts: a part that is directly controlled by FOC and an additional part, which depends
on inverter voltage drop, that cannot be directly controlled. This additional part will be hereafter
named as motor winding voltage drop, denoted as vxm,drop(t)*:

Vgo,drop ®) + Ubo,drop ®) + VUco,drop )"
3
Assuming that the motor is fed with symmetrical sinusoidal three-phase currents, the value of

vao,drop(t)*+ vbo,drop(t)*+ vco,drop(t) equals to +Vdrop, where the sign depends on the signs of the
phases current (Table 1):

(13)

Vxm,drop ) = Uxo,drop ) —

dead time

|vao,drop (t)* + vbo,drop (t)* + vco,drop (t)* VDC = Vdrop (14)

TPWM

Concluding, by applying eq. 14 to eq. 9 and eq. 13, we derive the normalized values of inverter
and motor winding voltage drop, vao,drop(t)* and vam,drop(t)*, respectively. For phase-a, those values
are shown in the table below and plotted against time in Figure 6, using Vdrop in eq. 10 as the base
value and assuming that the motor is fed with the arbitrary selected symmetrical sinusoidal three-
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phase currents of the top graph of Figure 6. Similar values can be readily derived for the remaining b

& c phases.
Table 1. Recap of vam,drop(t)* vao,drop(t)*.
vam,drop(t)* vao,drop(t)* isa isb isc
'2/ 3 Vdmp -1 Vdrap + - +
_4/ 3 Vdmp ‘1 Vdmp + - -
_2/ 3 Vdmp -1 Vdmp + + -
+2/3 Vdrnp +1 Vdrgp - + -
+4/ 3 Vdmp +1 Vdmp - + +
+2/3 Vdmp +1 Vdmp - - +
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Figure 6. Sinusoidal current waveform (top), voltage drop of phase a motor winding vam,drop(t)*
(middle) inverter output vao,drop(t)* (bottom).

4.2. Voltage drop: modeling in af and dq-synchronous reference frame

This subsection aims to represent the voltage drop in ap0 and dq0 — reference frames. This
representation is very useful, as it will be used later to integrate them in the existing FOC scheme
(Section 5).

Typically, the dgq0-transformation that is used in FOC schemes is the amplitude-invariant
version. Also, the d-component is usually aligned with the a-phase of the inverter reference voltage.
The amplitude invariant dq0-transformation - which aligns the a-phase with the d-component- is
achieved by using the well-known matrix in eq. 15. For g-component alignment, alignment with b/c-
phases, or power-invariant transformation the appropriate matrixes should be utilized; however, the
subsequent analysis remains valid.
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dl - cos(0) cos(0 —2n/3) cos(6 +2n/3) |ra
’q] =3|~ sin(f) —sin(@ —2n/3) —sin(0 + 2m/3) [bl (15)
0 1/2 1/2 1/2 c

Similarly, for a-phase alignment the amplitude invariant af0-transformation is achieved by
using the matrix below:

1 -1/2 -1/2

a 2 a
[ﬁl =3| 0 V3/2  —/3)2 lbl (16)
0 1/2  1/2 1/2 |tc

For the derivation of the a0 and dgq0 - components of the motor winding drops vxm,drop(t)* we
use as [a;b;c] input, the quantities [vam,drop(t)* ; vbm,drop(t)* ; vem,drop(t)*], whereas for the af0 and
dg0 -transformation of inverter voltage drops vxo,drop(t)* we use as [a;b;c] input, the quantities
[vao,drop(t)* , vbo,drop(t)* vco,drop(t)*]. After algebraic computations we end up to the following

conclusions:
(vd)zzron,drop(t)* = Wd)s;zg,drop(t)* ; <vq>ggg1,drop(t)* = (vq)zzg,drop(t)*
(va>1[:fr?1,d'rop(t)* = <va):ft?,dr0p(t)* ; (vﬁ>557?1,drop(t)* = (Uﬁ>gf:,drop(t)* (17)
(v0>ggfn,drop(t)* = (v0>:5121,dr0p(t)* =0 ; (vO)zgg,drnp(t)* = Wo)gfg,drop(t)*

Figure 7 illustrates the af0 and dq0 components of inverter and motor winding voltages,
considering that the motor is fed with the arbitrary selected symmetrical sinusoidal three-phase
currents of the top graph of Figure 7. Please note that the 0-component of winding motor voltage
drop is zero (0.0) both in @0 and in dq0 transformations, while the 0-component of inverter voltage
drop is a square waveform with a frequency of 3 times the fundamental frequency.

Finally, the dg-components of the inverter output voltage, and the motor winding voltage drop
consist of both a dc part and an alternating part. The former represents the voltage-drops in grid-
frequency, while the latter represents the high frequency ripple drop (6 times the fundamental
frequency). The dg and aff components that refer to the motor windings are the ones that must be
considered within the FOC control scheme. In particular, the af-components are the ones that have
been inserted to the flux observer of Figure 2 to account for the inverter voltage drop. Next paragraph
describes the proposed methodology.
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Figure 7. af0 and dq0 component of inverter and winding motor voltage.

4.3. Voltage drop: Insertion in FOC af-reference frame

Substituting the [a;b;c] components of eq. 16 with the obtained values of vxm,drop(t)* ;and
vxo,drop(t)* of Table 1, we reach to the following LUT:

Table 2. a3 - LUT.

vam,drop(t) vbm,drop(t) vem,drop(t) iSa(t iSb(t iSc(t

" . " (v‘I)Zfr(:t,drop(t)* (vﬂ>§fr(:z,drop(t)* ) ) )

+2/3 Virop +2/3 Varop -4/3 Varop +2/3 Virop +2/N3 Viarop - - +
-2/3 Virop +4/3 Varop -2/3 Virop -2/3 Virop 0 + - +
-4/3 Virp +2/3 Virop +2/3 Viarop “4/3 Virgy 23 Vi + - .
2/3 Virap 2/3 Virap +4/3 Vi 2/3 Virgy 23 Vi + + .
+2/3 Virop “4/3 Virap +2/3 Viarop +2/3 Viarop 0 - + -
+4/3 Virgp 2/3 Virap 2/3 Virgp +4/3 Vi +2N3 Virop - + +

The proposed methodology is depicted in Figure 8. The DC-link voltage, dead-time interval, and
switching period are used to calculate the Vdrop magnitude. The dead-time interval and switching
period represent constant parameters primarily contingent on the application. On the other hand,
even though the DC-link voltage is maintained at a fixed value through regulation by the PFC, it
might exhibit fluctuations due to the finite control bandwidth of the PFC and the modulation of the
inverter. However, in three-phase systems, the fluctuation of the DC-link voltage is minimal and is
largely mitigated using electrolytic capacitors at the inverter input. Given the gradual nature of DC-
link voltage dynamics, the update frequency of Vdrop can be set quite low, such as 10 Hz.

The estimated Vdrop and motor current are then employed to derive the aff-components of the
voltage drop. Subsequently, these components are combined with the af-components of the inverter
reference voltage and fed into the flux observer block. As it will be demonstrated later, the
incorporation of the voltage drop into the flux observer block yields benefits as the observer dynamic
response is accounted more effectively.
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Figure 8. Proposed methodology for the incorporation of inverter voltage drops in FOC af3-reference
frame.

5. Simulation Results

In this section simulation results are presented, where our proposed enhanced FOC
methodology has been used to drive a 4-pole pairs brushless motor. The system has been simulated
in Matlab-Simulink 2021a®, omitting the PFC stage and electromagnetic compatibility (EMC) filter.
The chosen VSI topology employs a three-phase B6 configuration, as illustrated in Figure 1. The input
voltage of the inverter is set fixed to 400V. The inverter as well as the motor characteristics that have
been used for the simulation are listed in the table below.

Table 3. Simulation System Parameters.

PFC & VSI Value Motor characteristics Value
characteristics
Inverter dc-link volt. (V) 400 Motor nominal speed (rpm) 6,000
VSI  Switching  Freq. 16 Motor maximum speed (rpm) 7,000
(kHz)
Dead-time (us) variable Motor winding Inductance 16
(mH)

Dead-time utilization asymm. Motor winding resistance () 2.5
Modulation SV-PWM Motor Pole Pairs 4
Deactivation speed of 1,000 BEMF constant 0.028138
proposed methodology (voltage!/rpm)
(rpm)

Peak phase voltage.

5.1. Proposed Voltage drop compensation scheme

Figure 9 demonstrates the positive impact of our proposed methodology. Specifically, it
showcases a scenario where the motor is commanded to achieve 82 rpm from a standstill position
under maximum loading. The simulation comprises three cases:

e  Inthe top graph, the system operates ideally with no dead-time introduced.

e In the middle graph, the system is non-ideal, featuring a 2 us dead-time but without any
compensation method.

e In the bottom graph, the system is non-ideal and incorporates a 2 us dead-time along with the
application of our proposed compensation method.
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It is evident that without any compensation, the motor fails to start-up under realistic dead-time
values.

Without dead time effect/ without any compensation

B

Current [A]
Lbbhbonane

14 145 15 155

With dead time / without any compensation
Motor losses synchroni-

zation/ fails to start

Current [A]
_bbhbonram

3 135

14 145 1.5 155

With dead time / with proposed compensation

Motor starts-up suc-

cessfully

w

Current [A]
Jbbhbonsasw

135 14 145 15 155

Time [s]

Figure 9. Dead-time impact around motor start up; inverter phase current waveforms (without any
compensation the motor fails to start-up).

5.2. Comparison on voltage drop compensation location

In Figure 10, the FOC response is depicted for different cases of dead-time, with compensation
applied to the voltage drop at the abc-reference frame at the PWM stage. The simulation scenario
showcases the motor being commanded to reach 82 rpm from a standstill position while experiencing
maximum loading. These results are based on the system parameters outlined in Table 3. As evident
from the presented results, the flux observer encounters significant fluctuations even with a dead
time of 1.5 us, whereas the motor fails to start-up at all for dead times exceeding 1.9 us.

On the other hand, the outcomes of employing the proposed methodology for the above
simulation scenario are depicted in Figure 11. Notably, the flux observer demonstrates significantly
reduced fluctuations, while the motor is able to start-up and sustain the speed of 82 rpm, even with
a high dead time of 2 us.

Lastly, Figure 12 provides a comparative overview of motor controllability at low rpm. The
comparison is made under conditions of a 2 us dead-time, for three scenarios: a) without any
compensation, b) compensation at the abc-reference frame, c) and the proposed methodology
involving voltage drop compensation at the af-reference frame. The superior performance of the
proposed methodology is evident based on the showcased results.
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5.3. Enhanced FOC validation over the entire motor speed range.

Finally, results are presented where the proposed enhanced FOC is used to drive the system
over the entire speed range (0 — 7,000 rpm). The motor is accelerating at 560 rpm / s till reaching 7,000
rpm. Flux weakening is engaged at around ~6,000 rpm. The proposed methodology is disengaged
after the motor exceeding 1,000 rpm. When the motor reaches its maximum speed, it is commanded
to decelerate down to 82 rpm. The motor deceleration is again set at 560 rpm / s. When the motor
speed drops below 1,000 rpm, the proposed methodology is engaged. Finally, the motor reaches and
maintains the desired speed (82 rpm) after approximately 12.5 s. Figure 13 showcases the above
scenario, including two subfigures zooming-in around the start-up and the final commanded speed
of the motor.

Lastly, we present results where the proposed enhanced FOC is utilized to drive the motor
across its entire speed range (0 — 7,000 rpm). The motor initially accelerates at a rate of 560 rpm/s until
it reaches 7,000 rpm. Beyond 1,000 rpm, the proposed voltage drop compensation is deactivated. Flux
weakening comes into effect at around 6,000 rpm and remains engaged until the motor speed falls
below this threshold during the deceleration phase. After the motor reaches its maximum speed, it
maintains this speed for ~10 seconds and then it is commanded to decelerate down to 82 rpm, with
the deceleration rate set again at 560 rpm/s. The proposed methodology is reactivated as the motor
speed drops below 1,000 rpm. The motor effectively attains and sustains the target speed of 82 rpm
for approximately 7.5 seconds. Figure 13 provides an illustration of the described scenario,
encompassing two subfigures that provide a closer view of the motor startup and the final
commanded speed.
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Figure 13. System response when the motor is commanded from stall to maximum speed (7,000 rpm)

and back to 82 rpm.

6. Experimental Results

This section presents some experimental results of an actual motor drive system. A test-bench
has been constructed to validate the proposed voltage drop compensation method. The entire

experimental set-up is depic
the Introduction):

ted in Figure 14. It consists of the following subsystems (as described in

Figure 14. Overview of the experimental set-up.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2024 d0i:10.20944/preprints202403.1018.v1

16

. The EMC filter.

e The PEC.
e The VSIL
° The MCU.

e  The Driving system.

For this study, the SECO-1IKW-MCTRL-GEVB evaluation board provided by onsemi has been
utilized [26]. This board incorporates both the PFC and VSI stages, along with the electromagnetic
compatibility filter. The PFC stage comprises a single-phase passive rectifier and a 2-channel boost
converter. Conversely, the VSI employs a traditional 3-phase B6 configuration, common in motor
applications. The VSI is built using the Intelligent Power Module (IPM) AND9390/D, a specialized
integrated circuit (IC) tailored for three-phase motor applications by onsemi [27]. The board is also
equipped with a convenient connector designed for external control of the VSI IGBT gate drivers. The
complete layout of the board, encompassing the electromagnetic compatibility filter, is illustrated
below. Positioned at the bottom of the evaluation board, one may notice the control board housing
the MCU.

Regarding the MCU, a low-end ARM® Cortex®-M0+ microcontroller has been used. This
utilized MCU has a flash memory of 64 kB, and a 40 MHz clock. It also comes with Direct Memory
Access (DMA), a PWM peripheral, a 12-bit 1.2 M samples/sec ADC peripheral, and Timer modules,
which have been used for the FOC implementation. The MCU board is also outfitted with suitable
connectors designed to interface with the evaluation board. As shown in Figure 15 (right photo), the
MCU board is affixed to the underside of the evaluation board.

VSI stage =¥ +— McCU

(AND9390/D) 1 3 a8 et SR e Decoupling

Electrolytic cap

<« Two-channel
boost converter

/' % & Passive rectifier
PFC stage % WS 3

EMC stage - -

Figure 15. SECO-1KW-MCTRL-GEVB evaluation board [26].

Finally, regarding the driving system, two mechanically coupled 545 W 4 pole-pair brushless
AC machines from Bosch have been used, where one machine is operating as motor and the other as
generator (see Figure 14). The generator is loaded via a - three-phase - variable resistive network,
behaving as an equivalent variable mechanical load. Table 4 provides an overview of the foremost
technical specifications of the system.

Table 4. Experimental test bench system parameters.

SECO-1KW-MCTRL- Value Bosch Motor Value
GEVB

PFC output voltage (V) 380 Motor nominal power (W) 545
VSI Switch. Frequency 16 Motor nominal speed (rpm) 6,000
(kHz)

Dead-time (us) 2 (asymm.) Motor maximum speed (rpm) 9,500
System efficiency 96%7??? Motor winding inductance 16
PFC+VSI (mH)

Modulation SV-PWM Motor winding resistance (Q) 2.5
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MCU PWM resolution 10.29 Motor Pole Pairs 4
(bits)
SActual MCU ADC 6 us BEMF constant (voltage?/rpm) 0.028138
interval
Proposed methodology 2,000

deactivation speed (rpm)

2Peak phase voltage S3Total conversion and data transfer interval of measuring 3.0 currents and 1.0 bus voltage.

6.1. Start-up to low-speed validation

This section is dedicated to assessing the effectiveness of our proposed method under low-speed
operation. Indeed, when the motor operates at low speed the effect of the voltage drop is critical.
Also, the controller encounters the most significant challenges at low speed, specifically when the
motor is commanded from a stalled position to achieve minimal speed under the influence of
maximum loading. As such, Figure 16 showcases a scenario where the motor is stalled and
commanded to reach 82 rpm under heavy loading conditions. This is reflected by the shorting of the
three-phase resistor network, simulating a heavily loaded operational state.

The scenario described above, involving the motor being in a stalled position and commanded
to reach 82 rpm, was replicated without applying our proposed compensation methodology. Figures
17 and 18 provide insight into the motor current. As evident, the motor loses synchronization and is
unable to startup.

Finally, Figure 19 and Figure 20 presents results from the graphical user interface (GUI) that has
been used during the experiment. Figure 19 provides insight into some crucial controller parameters
when the motor is at standstill and commanded to reach 380 rpm under maximum loading,
employing our proposed methodology. The same scenario is replicated without our methodology,
shown in Figure 20. In the absence of compensation, the motor fails to initiate when dead-time is
introduced.

AR

Measure P1 freq(C1] P2:rmsi(C1) P3 duty(C3) P4 duty(D3 PS5 frea(C1) P frea(D0 P7.duty(DS) PB.rms(C1)
value 28 5024483 Hz 2191 A
ES

alu
status

Figure 16. Standstill to 82 rpm with proposed method, top) Inverter phase current during the motor
start-up, bottom) zoom in around 0.86s.
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Measure P1frea(C1) P2:rms(C1) P3:dutv(C3) P4:dutv(D3) P5:frea(C11 P6:freq(DO) P7:-dutv(D5) P8 rms(C1)
value 138548362 Hz —

status ]

Figure 17. Standstill to 82 rpm without any voltage drop compensation (motor fails to start-up), top)
Inverter phase current during start-up (2 s / div), bottom) zoom in around 0.86s (0.186 s / div).
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Measure P1:frealC1) P2 rms(C1) P3:duty(C3! Pd:dutyiD3) P5:frea(C1) P6.frea(DO) P7.duty(D3) P8.ms(C1)
value 13 8548362 Hzx

status ¢

Figure 18. Standstill to 82 rpm without any voltage drop compensation (motor fails to start-up), top)
Inverter phase current during start-up, bottom) zoom in around 16s (0.186 s / div).
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Figure 19. GUI interface captures around the Figure 20. GUI interface captures around the

motor start-up when the motor is commanded = motor start-up when the motor is commanded
from stall to 380 rpm with the proposed method from stall to 380 rpm without any voltage drops
(motor starts-up smoothly). compensation (motor fails to start-up).

6.2. Deceleration to low-speed validation

In this section, we explore a scenario where the motor decelerates to a speed of 82 rpm. Figures
21 and 22 depict the motor current behavior as it decelerates from 400 rpm to 82 rpm, utilizing our
proposed voltage drop compensation methodology. It is evident from these figures that the motor
effectively achieves and maintains the desired lower speed as commanded.

Ll L AL ALARARRANRAN | I

c1

Measure P1:frea(C1 P2:ims(C1) P3:dutviC31 P4-dutv(D3) P5:frea(C1 P6:frea(D0I P7:dutviD51 P8:rms(C1)
value 6.593438 Hz 1128 A
status kS 4

Figure 21. With the proposed method at very low motor speeds; Inverter phase current during the
transition of the motor from 400 rpm to 82 rpm (1 s / div).
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c1

Measure P1:frea(C1 P2:ms(C1) P3:dutviC31 P4:duty(D3) P3:frea(C1 P6:frea(D0I P7.dutviD5 P8:rms(C1)
value 6.6994738 Hz 979 mA
status v

Figure 22. With the proposed method at very low motor speeds; Zoom in steady-state inverter phase
current waveform at 82 rpm (0.2 s / div).

A similar scenario is depicted in Figure 23, where results from GUI illustrate the d and g
component of motor current along with other crucial controller parameters. In this scenario the motor
runs at 1,000 rpm and then is commanded to decelerate down to 82 rpm under maximum loading.
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Figure 23. GUI interface captures during the motor deceleration from 1,000 rpm to 82 rpm with
proposed method.

6.3. High speed validation

In this section the proposed enhanced FOC scheme is tested over the entire motor speed range.
Beyond 6,000 rpm the VSI reaches its nominal voltage and flux weakening is engaged. Also, beyond
2,000 rpm, as described in Section 4.3, the impact of voltage drop becomes less significant, and the
controller deactivates the proposed methodology, transitioning to a conventional FOC scheme.

Figure 24 illustrates the motor dg current components along with the reference motor speed in
rpm, the flux observer estimated speed in rad/s, and the DC-link voltage. The results showcase the
scenario where the motor accelerates from 400 rpm to 6,000 rpm. Figure 25 showcases the scenario
where the motor accelerates from 7,100 to 9,000 rpm. The engagement of flux-weakening is evident
from the growth in the d-component of the motor current. Finally, Figure 26 and Figure 27 show the
actual motor current while the motor operates at 8,500 and 9,000 rpm, respectively.

The results presented signify effective motor controllability over the entire motor speed range,
including the engagement of flux-weakening and the disengage of proposed methodology.
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Figure 26. Steady-state inverter phase current waveform at 8,500 rpm.
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Figure 27. Steady-state inverter phase current waveform at 9,000 rpm.
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7. Conclusions

In this work, an enhanced FOC scheme that accounts for the inverter voltage drop is proposed,
enabling the efficient drive of brushless machines at very low motor-speeds. About the controllability
of the motor, it has been shown that the inverter voltage drops play a significant role in low-end
microcontrollers. It has also been shown that the controller performance is severely affected by the
inverter voltage drop and the low control bandwidth of conventional MCUs, driving the motor
unreliably at the low-speed range. Based on the presented results, the proposed methodology
mitigates this problem because it accounts for the voltage drops within the FOC control scheme. At
higher speeds where the impact of the voltage-drops is less significant the proposed methodology
deactivates and the controller transitions to a conventional FOC controller. Experimental results have
been presented verifying the very good performance of the controller up to 9,000 rpm and down to
82 rpm. As the next step the effectiveness of such method will be verified by applying it to a real
application use case, to consider for example the drum dynamic of a washing machine.
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