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Abstract: Nowadays, position sensorless permanent magnet synchronous motor drives are gaining
popularity quite rapidly, and have become almost standard in many applications such as compressors,
high speed pumps, etc. All of these drives involve estimators to calculate the speed and the position
of the rotor, which are necessary for proper operation of vector control. While these estimators, with
the exception of injection-based ones, work well in the middle and high-speed ranges, they cannot
operate at low speeds. In order to overcome this problem, sensorless control systems include different
starting techniques, with the most popular being open-loop starting. In this approach, the motor is
accelerated in open-loop mode until it reaches the speed where estimator operates stably, then the
control system is closed. However, the weakest point of this method is the technology of closing the
system, which typically creates transients and can even be the cause of loss of stability. This paper
proposes a method for instant and seamless transition from open-loop to closed loop which works
perfectly under different load conditions. Other starting techniques are considered and compared
with the proposed method.

Keywords: compressors; permanent magnet motors; sensorless control

1. Introduction

Permanent magnet synchronous machines (PMSM) have higher efficiency, torque to
weight, and power to volume ratios compared to machines of other types [1,2], which makes
them attractive for solutions which prioritize efficiency and compactness [3], are used inside
autonomous objects [4], or focus green energy and decreased CO2 emissions [5–7]. As a
result, PMSM drives have become an attractive object for researchers, and a large number of
studies dedicated to different aspects of PMSM design and control have been published. At the
same time, certain control problems have not wholly been studied, and provide opportunities
for optimization and improvements. One of these tasks, which is considered in the current
manuscript, is the closing of sensorless control systems after motor open-loop starting.

The most popular PMSM control technique is a vector control, which fully utilizes
the motor’s potential and provides higher efficiency. As this type of control requires
information on rotor position and speed motor drives are typically equipped with position
encoders, which can provide such information. At the same time, encoders increase the
total cost of developing motor drives and decrease their reliability. Therefore, they are
undesirable in low-cost applications (home appliances, etc.) or motor drives with hard
access to the motor for maintenance (compressors, etc.). In order to eliminate position
sensors, various sensorless techniques providing information on speed and position have
been proposed and successfully implemented. Furthermore, sensorless solutions have
almost become standard in many areas, such as compressing and pumping applications [8].

Generally, sensorless techniques for PM motors can be divided into two groups,
injection-based [9] and rotor field detection-based [10]. The methods of the first group use
magnetic anisotropy of the rotor, which is present in more or less all types of PM machines.
In order to define the rotor’s position, these algorithms inject high-frequency signals of a
predefined type and analyze the response to this injection. The main advantage of these
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techniques is the ability to operate at zero speed; however, their application is strongly
limited by several drawbacks. Because these techniques use motor magnetic asymmetry
along direct and quadrature axes, they work better with interior type PMSM (IPMSM), which
have significant asymmetry, and provide higher errors in case of surface mounted PMSM
(SMPMSM), where the asymmetry is not as strongly pronounced. Another drawback of
injection is acoustic noise produced by the high-frequency patterns, which is undesired in
many applications. This problem is worsened by the fact that the typical injection frequencies
lie in the region of 2–8 kHz, which is the most sensitive for the human ear.

Therefore, the methods of the second group, which detect the rotor field, have become
more popular. These methods estimate the flux-linkage [11] or back-EMF [12,13] vectors of
the rotor, which define its electrical position. The accuracy of the estimation depends on
the back-EMF magnitude, which increases with the speed. Thus, these methods operate
perfectly at medium and high speeds; however, they are unable to work at a standstill or at
low speeds. At the same time, operation at low speeds is not required for many applications;
therefore, these sensorless techniques fit them well. The only problem to solve is starting
the motor and its acceleration to the speed at which the estimation technique operates
stably. In order to do this, the sensorless control system can be extended with an additional
starting algorithm responsible for initial rotor acceleration to the predefined speed. After
that, when the estimation error decreases to the acceptable level, control is switched to the
main sensorless algorithm, preferably without additional parasitic transients.

2. State-of-the-Art

As explained above, non-injecting sensorless control methods require an additional
starting algorithm which can accelerate the motor to the speed at which stable detection
of the speed is possible. Several techniques have proposed for this purpose, a selection of
which are briefly considered below.

2.1. Main Sensorless Algorithm-Based Approach

This approach is the simplest solution, where the starting algorithm involves a sen-
sorless technique for obtaining the speed and position. Because the estimation errors are
high in the low speed region, the starting algorithm performs modifications to the control
system, which decreases their negative impact. When a command to start is received,
the control system rotates the rotor with the maximum possible acceleration to leave the
low-speed region as soon as possible. At the same time, during the starting period, the
filter cut-off frequencies of the speed and position estimator are set as low as possible to
reduce its sensitivity.

Despite its simplicity, this method has the significant drawback of the possibility of loss
of stability, because back-EMF based equations are obtained under the assumption of minor
deviations, where position estimation error is almost equal its sine value: sin (∆θ) ≈ ∆θ.
Therefore, the error of this control method rises with increasing position estimation error,
and the system becomes unstable when the error exceeds 90◦. As a result, this method has
very limited utilization, typically in simple systems with low load at zero speeds, e.g., fan
applications.

2.2. Injection-Based Approach

This family of algorithms involves injection-based techniques for starting the motor
and governing its operation in the low speed region. After reaching the predefined speed,
the control system switches from the injection-based estimator used for starting to the
main estimation algorithm. Such injection techniques include high-frequency (HF) and
low-frequency (LF) injections, which have specific benefits and drawbacks [14].

The HF injection methods generate unpleasant acoustic noise and vibrations, which
makes them inapplicable in certain solutions. However, the motor radiates noise only
during the short starting period, and thus can be considered as a compromise between
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reliability and acoustic noise [15]. These techniques are typically used in systems with hard
starting conditions where a short noise period is acceptable, e.g., electrical tools.

In contrast to HF injection techniques, which do not move the rotor significantly, the LF
injection algorithms apply low-frequency torque, which makes the rotor oscillate [16]. These
oscillations produce back-EMF, which is used for position estimation. These techniques
do not produce significant acoustic noise; however, they create mechanical vibrations and
cause reverse rotation of the rotor [17]. Furthermore, the higher total inertia of the system
means that a the higher pulsating torque should be applied. All of the above-mentioned
drawbacks make LF injection techniques inapplicable for many applications.

2.3. Trapezoidal

This method was proposed in [18–21] for starting a PM motor under sensorless trapezoidal
control and further acceleration to a predefined speed, at which point it is switched to vector
control. This method has the advantage of easier operation at lower speeds compared to
vector control; however, it cannot operate at a standstill. Furthermore, implementation of the
trapezoidal control requires utilization of additional phase voltage sensors, which increases the
total cost of developing the drive. As a result, these methods have not gained popularity and
have limited usage, typically in systems with mixed trapezoidal/vector control.

2.4. Speed Open-Loop

This technique is the most popular starting algorithm for sensorless systems of PMSMs.
In this method, the speed loop is opened during the starting period and the speed controller
is turned off. The starting algorithm uses predefined profiles of the motor speed and current
amplitude and varies them over time according to the stored data; therefore, this method
is called I-F starting. The current amplitude is typically set to the maximum allowed
current, which provides faster acceleration and decreases operational time in the open-loop
mode. The commanded speed typically increases linearly from zero level to the set value
at which the sensorless estimator operates stably, then the system is closed using speed
feedback from estimator. This basic idea was considered in detail in [22–26], and ref. [22]
reported significant rotor oscillations in the open loop, which may be a reason for loss of
synchronism. These oscillations were studied and preventive measures were suggested
in [27,28]. Another interesting study was reported in [29], which enhanced the open-loop
technique and adapted it for use with a long line and additional transformers.

All these starting techniques except the method described in the first section have a
similar problem: the necessity for a smooth transition from the starting algorithm to the
main control scheme. The starting and the main control algorithms use their own electrical
positions, which may significantly differ. Therefore, switching directly from the starting
electrical angle to the estimated one causes undesired transients and bumps. This switching
problem is important even for injection-based starting techniques, because injection-based
and back-EMF-based estimators may output positions with a difference of 10~40◦ at low
speeds. This is mainly caused by motor parameter variation (especially in the production
stage) and limitation of the amplitude and frequency of the injected signals obtained due to
noise regulation requirements. Under these conditions, the position estimation error may
reach 20◦ for both EMF-based [11,30] and injection-based estimators [31].

Another problem, which arises at closing of the control system, is proper initialization
of the speed and current controllers. In the open-loop mode, the speed controller is turned
off; therefore, after closing, it must be properly initialized in order to start operation at
the closing speed. At the same time, current controllers in the open loop operate with
currents calculated using the open-loop angle; however, after closing, they have to work
with currents evaluated using the electrical angle from the estimator. This problem becomes
more serious if the current controllers contain integrators (proportional-integral (PI) and
proportional-integral-differential (PID) type controllers) which accumulate the data. Thus,
direct switching from one dataset to another does not cause immediate modification of
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the current controller internal state, producing control failure during the period of time
required to settle the integrators.

As a result, direct switching from the starting algorithm to the main routine causes se-
rious disturbance and produces undesired transients, which can make the system unstable.

In order to overcome these problems, several closing techniques have been proposed.
The most popular approach is to use a smooth cross-over transition between positions,
which is defined as follows:

θres =


θstart, t < Tcl

θmain · ftr(t) + θstart · (1 − ftr(t)), Tcl < t < Tcl + Tcro

θmain, t > Tcl + Tcro

(1)

where:
θstart–electrical position from starting algorithm
θmain–electrical position from main estimator
ftr(t)–transition function, 0 < ftr(t) < 1
Tcl–time of closing
Tcro–cross-over interval
The transition function can be of different types; the most popular case is a linear function

rising from 0 to 1 during the cross-over interval. This case is illustrated by Figure 1, where
the transition time concerns two electrical periods. However, in a real systems it is set to
0.05–1 s, which guarantees proper adjustment of the current controllers and smooth current
transients. This approach provides a smooth transition; however, it decreases the dynamic of
the drive and requires adjustment of the cross-over function. The authors of [32] suggested
minor modifications to this algorithm by substituting the linear transition function with a
non-linear one; however, this resulted in only minor improvement of transients.

Figure 1. Cross-over transient: (a) transient function and (b) electrical positions.
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Another idea for smooth transition was proposed in [11], where the authors used a
low-pass filter. After the decision to close the control system, the position is calculated as
follows:

θres = θmain +
1

Tcs + 1
(θstart − θmain) (2)

where:
Tc–time constant of the low-pass filter
After a predefined period of time, the transient is considered to be finished and the

system uses only the estimated value θmain. However, the dynamic characteristics of this
approach are similar to the characteristics of the previous method, and there is no significant
difference between them.

In order to improve the transition algorithm, the authors of [33] proposed two-stage
closing. At the first stage, they suggested resetting of the current controllers to avoid the
undesired transients, and after that they recommended redefining the reference currents
to keep the electromagnetic torque approximately constant. The authors claimed that the
proposed method worked perfectly in the experimental system; however, it has several
drawbacks which restrict its usage. The most significant disadvantage is that it is only possible
to control BLDC motors, meaning that PMSMs require a different solution. Another problem
is the necessity of precise motor parameters, which makes this method inapplicable to self-
commissioning drives and drives for which parameters vary significantly during operation.

A final approach was recommended in [30], which focused on reduction of DC-
link transients at the moment of closing. The authors suggested initializing the speed
controller with a value calculated using the motor model. While they claimed significant
improvement of DC-link current transients, they did not analyze sensitivity to parameter
variation. Furthermore, this manuscript did not provide any suggestions regarding current
controller reinitialization, which is extremely important for seamless transition.

Taking into account the drawbacks of the existing methods, a new technique is pro-
posed and developed here.

3. Sensorless Vector Control

Before further discussion, the sensorless vector control scheme must be presented.
The basic structure is a well-known solution which has been considered many times [34];
however, exact implementations differ in their details, which may be important.

The sensorless vector control system used in this research is shown in Figure 2. It was
developed for compressor applications and successfully put into mass production (MP) [35,36].
The system is enhanced by an algorithm that estimates the initial rotor position [37], which
is necessary to prevent reverse rotation at start. The control scheme contains an outer speed
loop and two inner current loops in dq frame, where current feedback signals are measured by
two shunt sensors in the motor phases and electrical position is provided by the estimator. The
Space Vector Power Width Modulation (SVPWM) block uses a conventional algorithm along
with optimization techniques reported in recent research.

The core of the control algorithm is a back-EMF-based sensorless estimator (Figure 3),
which outputs speed and position as necessary for the vector control. It uses the motor
model for and electrical values measured at the current calculation step in order to predict
motor current at the next calculation step. Then, the current prediction error is used to
estimate the motor’s back-EMF (δ-branch) and correct the model uncertainty (γ-branch).
The complete analysis of the estimator performance together with its sensitivity to motor
parameter variation was considered in detail in [25].

The developed system involves a Maximum Torque Per Ampere (MTPA) algorithm
for the full utilization of the motor potential. It receives a current command from the speed
controller and decomposes it into direct and quadrature components in order to provide
highest possible torque and increase system efficiency.
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Figure 2. Sensorless vector control scheme of the reciprocating compressor drive.

Figure 3. Back-EMF-based estimator.

The control system contains a field-weakening controller for increasing the maximum
speed by up to 30% of the rated one by weakening the rotor field with the direct axis
current id [38]. Motor condition monitoring is based on the prospective technologies
reported in [39,40], which provide reliable protection of the system.

The demonstrated vector control scheme uses an open-loop starting algorithm, which
is not shown in Figure 2 and is discussed later.

4. Proposed Method

In order to perform open-loop starting, the vector control scheme depicted in Figure 2
was modified as shown in Figure 4 in red. As can be clearly seen, the speed loop was opened
and commands for the current controllers were set directly: the quadrature current was set
to zero and the direct current was set to be equal to the predefined value Ist. This setting
of the currents is a specification of the proposed starting scheme. The most convenient
approach is to provide command signals similar to the closed loop control, that is, to set
the value of the direct axis current to zero and apply the stator current amplitude to the
quadrature axis. However, our experiments demonstrated that setting the initial stator
current phase to 0◦ (aligning along the direct axis) demonstrates less oscillation than setting
the current phase to 90◦ (aligning along the quadrature axis). This is caused by the fact that



Sustainability 2022, 14, 12665 7 of 17

in the first case (0◦), the motor torque rises smoothly from zero to the load torque, while
in the second case (90◦), the starting torque is applied with a step and then decreases to
the load torque. Speed and position are obtained from the calculator, which inputs the
predefined initial position θinit and acceleration ε. The open-loop speed is compared with
the predefined closing value ωcl, which defines the moment of closing and the activation of
the transition algorithm [41].

Figure 4. Control scheme modification for open-loop starting.

This closing speed ωcl has to be defined through a series of experiments under different
load conditions and deviation of motor parameters at the maximum value of production error.

Let us consider the system state immediately prior to closing. Suppose that the starting
torque is high enough and the motor operates in synchronism. The stator current vector
is applied along the direct axis dol in the synchronous open-loop reference frame dolqol, as
shown in Figure 5. This reference frame rotates with the angular speedω produced by the
open-loop calculator. While the rotor of the motor rotates with the same speed, it lags at
the load angle θL, which is defined by the load torque comprising the sum of the static load
and dynamic torques of the motor. In the simplest case, when the moment of inertia of the
system is stable, the load torque is:

TL = TSL + TD = TSL + JΣε (3)

where:
TL, TSL–load and static load torques, respectively
TD–dynamic torque
JΣ–total moment of inertia converted to motor side
ε–angular acceleration
Because closing speed is defined as a speed, where the estimator works stably, the

position of the real motor synchronous reference frame dq is defined with acceptable
tolerance (typically 5~10%). In this frame, the stator starting current Ist has the two
components Ist_d and Ist_q shown in Figure 5.

Therefore, for seamless transition, the speed and current controllers must be reinitial-
ized to operate with values in the rotor reference frame dq. Furthermore, this should be
performed in one step in order to exclude undesired transients.

Let us consider a PI-type controller, as this is the most popular type of controller
for electrical drives and power electronics. Simultaneously, the suggested algorithm of
reinitialization may be easily extended to controllers of other types, such as Proportional-
Integral-Differential (PID) type controllers. This paper does not pay attention to the tuning
of controllers and selection of their gains, because this depends on the exact project in
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question and is outside the scope of this manuscript. At the same time, the values of the
controller gain are not important for reinitialization, which does not depend on them.

Figure 5. Stator current at open-loop starting.

Suppose our system uses PI controllers with proportional and integral gains Kp and Ki,
respectively; a typical structure is demonstrated in Figure 6. For the purpose of simplicity,
we analyze parallel independent topology without feedforward compensation, which
typically does not operate at low speeds. Furthermore, considering that the transition from
open-loop to closed-loop control occurs at low speed, the PI controllers are typically far
from saturation, therefore, the anti-windup branch is not included in the analysis.

Figure 6. PI controller.

In Figure 6, x and y denote the input and output, respectively, ∆x stands for error,
yp and yi denote the proportional and integral components of the output, k indicates the
current calculation step, and the indexes ref, fbk, and lim are used for reference, feedback,
and limited, respectively.

After closing the system, the speed loop starts operation; therefore, the speed controller
has to be initialized to correspond to the current state of the system. In order to do this, the
following sequence should be executed:

� Set the feedback speedωfbk equal to the output of the estimator;
� Set the reference speed to the closing valueωcl;
� Calculate the speed error as (ωcl–ωfbk);
� Set the output of the speed controller y and its limited value ylim to the current

magnitude, which provides the same torque as the torque in the open-loop:

y = Is(T);
T = 3

2 PIst_q
((

Ld − Lq
)

Ist_d + Ψm
) (4)

where P is number of pole pairs, Ld and Lq are the direct and quadrature inductances,
respectively, Ψm is the rotor flux-linkage, and Is(T) is the inverse torque function;

� Set proportional component yp equal to the ∆ω·Kp;
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� Set integral component equal to yi = y−yp;
� Initialize the integral sum as: yi[k−1] = yi[k]−∆ω·Ki.

After this initialization, the state of the speed controller corresponds to the real state
of the motor drive, which excludes undesired speed transients.

It should be noted that the motor parameters in (4) may not be known precisely, which
may cause a calculation error. This results in a minor error during reinitialization of the
speed controller, which is quickly compensated for. From a practical point of view, the
error of about 5~10% in torque calculation does not significantly impact performance. At
the same time, the motor torque mainly depends on the rotor flux, which is relatively stable
(typical variation due to the temperature change is about 2~3% for rare-earth magnets);
thus, the torque error due to motor parameter variation is typically less than 5%.

One more consideration which must be taken into account is that the inverse torque
function is quite complicated in analytical form; however, it can be easily approximated
even with a second order polynomial for an unsaturated machine. In case of a machine
which operates with significant saturation, the 16- or 32-point look-up tables are the most
effective solutions. At the same time, for the overwhelming majority of motor drives the
difference between direct and quadrature inductances is trivial (10~40%), meaning that the
impact of the direct current on the motor torque is not significant. Considering this feature,
Equation (4) can be substituted by a simpler equation:

y = Is(T) ≈ Ist_q (5)

which typically provides an error less than 10%.
The same idea of state equality is used for reinitialization of the current controllers.

Suppose that the current control is properly designed and at the moment of closing any
electrical transients in the synchronous reference frame are finished. In this case, the
current error oscillates slightly around zero and can be neglected. The reference values
of the current controllers and their feedbacks have to be set as current components in the
synchronous reference frame dq:

id_re f = id_ f bk = Ist_d
iq_re f = iq_ f bk = Ist_q

(6)

which results in zero errors ∆id = 0, ∆iq = 0. As a result, the proportional components of the
PI-controllers are set to zero. The outputs of the current PI-controllers are voltages in the
open-loop reference frame dolqol, which are transferred to the stationary reference frame αβ
and sent to the SVPWM block for calculation of switch duties. Because voltages uα and uβ

produce currents Ist_d and Ist_q, they must stay unchanged. For this purpose, the outputs of
the current controllers are initialized with uα and uβ converted back into dq reference frame
using estimated angle θ:

ud c = uα c cos θ + uβ c sin θ

uq c = −uα c sin θ + uβ c cos θ
(7)

Because the errors and proportional component are set to zero, the integral part and
integral sum must be set equal to the outputs yi = yi[k−1] = y. Provided the estimation
error is acceptable, the type of estimator used to calculate position in (7) does not matter.

Summarizing the reinitialization algorithm of the current controllers, the following
sequence is obtained:

� Set reference and feedback currents according to (6);
� Set current errors ∆id and ∆id to zero;
� Set outputs of the current controllers according to (7);
� Set proportional components of the current controllers to zero;
� Set integral components equal to outputs.

This reinitialization of current controllers guarantees that the state of the controllers
corresponds to the state of the system, thereby excluding undesired transients are. However,
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it should be noted that the desired current transients may start after closing,. as they tend
to set the optimal combination of stator current components, which is produced by the
MTPA block. The change of the direct and quadrature current components in this transient
depends on the load angle in open-loop mode. Typically, the quadrature current decreases
at 10~40% while the direct current decreases at 80~120%, where values higher than 100%
correspond to the IPMSMs with Lq > Ld, where the direct current changes polarity.

It should be noted that the desired current transients after closing depend on the
tuning of the current controllers; thus, the motor torque during electrical transients does
not follow the constant torque curve and slightly deviates from it. A typical example
taken from simulation is shown in Figure 7. Simultaneously, the electrical time constant is
typically significantly lower than the mechanical one (10~100 times), therefore, electrical
transients are much faster than mechanical ones. As a result, electrical transients do
not have a significant impact on the mechanical part and the transition may considered
seamless and bumpless. However, in systems with low inertia and overregulated current
controllers, the real trajectory can significantly differ from the desired trajectory, and can
potentially be unacceptable. In such cases, it is recommended to set a connection between
the commanded values of current controllers during the period of stabilization in order to
provide the desired trajectory immediately after closing.

Figure 7. Trajectory after closing.

In this paper, for the sake of simplicity, the structure of the current controller was
considered to be quite simple; however, in real systems it may be more complicated.
Nevertheless, the proposed considerations are fully applicable to any existing structures
and the proposed algorithm needs only minor modifications.

5. Experimental System

The experimental system used for verification of the proposed technique is shown in
Figure 8, where Figure 8a demonstrates a view of the installation and Figure 8b depicts its
schematic. In this figure, Inverter 1 supplies Compressor 2, which pumps a refrigerant. Air
Condenser 4 cools the pressurized refrigerant, while Evaporator 6 decreases the pressure
and temperature of the refrigerant. Valve 5 controls operation of the compressing circuit by
setting the pressure of the refrigerant. Manometers 3 and 7 are used to control high and
low pressures, respectively.
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Figure 8. Experimental setup: (a) picture and (b) schematic.

The reciprocating compressor is a commercial device used in many models of refriger-
ators; it was equipped with additional flanges in order to provide access to the inner space.
The compressor is driven with an IPMSM motor design according to [42] and optimized
using the approach considered in [43], the parameters of which are shown in Table 1. The
inverter board is of a mass produced type of unit which is used in commercial refrigerators
and air conditioners. It uses a three-phase intelligent module STGIPN3H60 (3 A/600 V)
from “ST Microelectronics” containing six MOSFETs and gating circuits. It was designed to
be supplied from a standard 220 V (50–60) Hz source. The control system is built on the
base of a 60 MIPS Cortex-M3 microcontroller, which controls the inverter with 4 kHz PWM.
Electrical signals are sensed by the DC-link voltage sensor and two current sensors, which
are converted by a 12-bit ADC microcontroller with a sampling time of 250 µs.

Table 1. Experimental motor parameters.

Parameter Value

Pole pairs, p 3
Stator resistance, Rs [Ω] 7.2
Direct axis inductance, Ld [mH] 77
Quadrature axis inductance, Lq [mH] 117
Flux linkage, ψ [V/rad/s] 0.143
Rated speed, ωrated [rpm] 4000
Rated power, Prated [W] 200

The software of the inverter board is based on the MP code, which was enhanced for
debugging. It contains a sensorless control scheme with the proposed open-loop starting
algorithm described above along with additional debugging and monitoring interfaces.
The current PI controllers were implemented as described in [44], which provides a better
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dynamic. Square root calculations were optimized according to [45], which decreases the
load to the MCU and makes implementation of this control system possible in low cost
systems. The abnormal voltage protections were implemented as described in [46–48].

The estimator used in the experiments was an-EMF based algorithm, which has been
considered in detail in [25]. Its performance was verified on the dynamo test set using the
methods discussed in [49,50], showing that the estimation algorithm operates stably at
speeds over 10 Hz with an estimation error not exceeding five electrical degrees.

6. Experimental Results

In order to verify the feasibility of the proposed method and check its performance, a
series of experiments were conducted. Because the compressor was not equipped with a po-
sition sensor, the direct and quadrature currents were calculated using the estimated angle;
thus, while these values are not precise at low speeds, they provide enough information to
illustrate transients.

In the first experiment, the target system with reciprocating compressor was started in
open-loop mode at the rated load. After acceleration and stable operation of the estimator,
it was closed and switched to sensorless mode. The transition was implemented using
Equation (4), with the inverse torque function implemented using the 32-bit table. The
motor currents in this mode of operation are shown in Figure 9, where Figure 9a illustrates
the compressor speed and Figure 9b, c, and d demonstrate the phase, direct, and quadrature
currents, respectively. The start procedure consists of the following steps:

I. Charging of the inverter bootstrapping capacitors;
II. Rotor positioning: rise in current from zero to starting value at a fixed angle of −60◦;
III. Rotor positioning: rotation of the stator current from −60◦ to 0◦;
IV. Open-loop starting;
V. Transients after closing;
VI. Normal operation in sensorless mode.

Figure 9. Motor currents at start when closing is performed using (4): (a) compressor speed, (b) phase
current, (c) direct current, (d) quadrature current.
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As can be clearly seen, there are no undesired transients after starting; only minor
oscillations are present, and these do not significantly impact the system.

In the next experiment, the reinitialization of the speed controller was implemented
using a simplified formula (5) which significantly simplifies calculations, although it
provides slightly increased torque immediately after closing. While this torque is easily
compensated for by the speed controller, it results in more significant transients; see
Figure 10, where Figure 10a illustrates compressor speed and Figure 10b–d demonstrate
the phase, direct, and quadrature currents, respectively Nevertheless, as it is acceptable for
the overwhelming majority of motor drives and does not impact the system significantly,
this method can be considered for implementation in low-cost systems.

Figure 10. Motor currents at start when closing is performed using (5): (a) compressor speed,
(b) phase current, (c) direct current, (d) quadrature current.

Simultaneously, if these short transients are unacceptable due to the lower drive inertia
or other criteria, the desired current trajectory, which follows constant torque loci after
closing, should be followed. This process is illustrated in Figure 11, where Figure 11a
illustrates compressor speed, Figure 11b–d demonstrate phase, direct, and quadrature
currents, respectively. As can be clearly seen, there are no current oscillations and the stator
current vector follows the constant torque loci. The transition along constant torque loci
was intentionally set to 0.8 s in order to demonstrate it clearly. In a real system it can be
selected within the range of 0.01~0.05 s.

Finally, the performance of the proposed technique was compared with the conven-
tional algorithms. In order to do this, the same experimental system was used and only the
transition algorithm was modified, according to recommendations in previous works. The
comparison results are presented in Table 2, which demonstrates that the proposed meth-
ods are superior to the existing technologies and provide instant closing with acceptable
deviation of control parameters.
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Figure 11. Motor currents at start with trajectory control: (a) compressor speed, (b) phase current,
(c) direct current, (d) quadrature current.

Table 2. Comparison of the proposed and existing methods.

Method
Parameter Cross-Over Speed Current

Time Deviation Deviation

Proposed (Equation (4)), Figure 9) Instant 30 rpm 0.3 A
Proposed, trajectory (Figure 11) Instant <8 rpm <0.05 A

Cross-over (Equation (1)) 0.5 s 50 rpm 0.2 A
Cross-over (Equation (2)) 0.8 s 45 rpm 0.15 A

7. Discussion

The experimental results provided above demonstrate that the proposed technique is
superior to the conventional algorithms. It can perform instant reinitialization of system
controllers from the open-loop reference frame used at start to the estimated synchronous
reference frame, where the control system operates after closing. At the same time, conven-
tional techniques involve cross-over functions, which require about 0.5 ~ 0.8 s for switching.
In this interval the conventional control system may not execute external commands, which
results in poor controllability. Furthermore, due to the use of cross-over functions, the
transients are higher and longer.

The proposed algorithm reinitializes system controllers in such a way that their new
state corresponds to the system state in a new reference frame. This action is performed
in one calculation step, thereby avoiding undesired transients, and the system is ready to
process external commands immediately after reinitialization.

The speed and current transients which occur in the experimental system are caused
by the change of the operational point. The system moves from the starting point, which
corresponds to a higher stator current and lower efficiency, to the optimal working point
with the lowest current and highest efficiency, as shown in Figure 7. As this process may be
uncontrolled, the current controllers set the current in the fastest way, which results in slight
deviation from the torque loci curve and minor transients. These transients are accepted
for the overwhelming majority of motor drives; however, if transients are undesired the
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currents may be controlled to follow the torque loci curve. In this case, the system moves
from one operational point to another without transients.

8. Conclusions

This paper proposes an algorithm for instant and seamless closing of control systems
of synchronous motors after open-loop starting. The author has reviewed and discussed
existing methods of sensorless motor starting and considered existing techniques utilized
for transitioning from open-loop mode to sensorless vector control. After concluding that
existing methods were inapplicable, the new method was proposed and implemented.
In this algorithm, PI-controllers start operation in the open-loop synchronous frame and
operate there until the decision to close the control systems is made. Afterwards, all internal
variables of the PI-controllers are reinitialized to operate in the estimated synchronous
reference frame in which the control system works after starting. The proposed algorithm
suggests several approaches to calculate motor torque and perform seamless closing.
Furthermore, the author proposes several ways to switch the system from the operational
point used before closing to the optimal operational point used in further operation. These
approaches differ in the complexity of their implementation and in speed transients; the
most convenient solution may thus be selected for different projects depending on their
requirements. The experimental results prove the feasibility of this proposal and the
absence of undesired transients.
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