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Abstract: The global population is rapidly increasing, and the urban population is on an even
faster trend; therefore, the population density is expected to rise. As the number of people in cities
grows, the demand for high-rise buildings is anticipated to increase to address the problem of
limited land resources. Therefore, efficient energy management using distributed resources has
become increasingly important. Elevators are a vital vertical means of transportation in high-rise
buildings, and reducing the weight of their components can lead to favorable conditions for energy
utilization and increased speed. Therefore, this study presents an elevator system that supplies
power inside an elevator car by eliminating the traveling cable and applying a small-capacity energy
storage system (ESS). Additionally, we propose a charging algorithm suitable for the proposed system.
Generally, batteries have sensitive electrical properties among the distributed energy resources (DERs).
Therefore, controlling the stable maintenance of the transient state of the charging current—even
when the DC power is unstable or the load changes rapidly in a system requiring fast charging—
is crucial. Owing to the nature of the elevator system to be applied, discontinuous charging is
frequent, and the active and efficient management of the battery state of charge (SOC) may be
challenging. In addition, since it is necessary to be able to charge as much as possible during a short
discontinuous charging time, a current control algorithm with a stable and high-speed response is
required. The proposed transient high-speed tracking controller (THSTC) is a method for tracking the
time of applying an inductor’s excitation voltage without pulse–width modulation (PWM) switching,
which is less sensitive to the controller gain values and has fast responsiveness as well as stable
transient response characteristics. The proposed method has good dynamic characteristics with
a simple control structure without a complex design, which is useful for systems with repeated
discontinuous charging. We validate the performance and effectiveness of the proposed controller
through simulations and experiments.

Keywords: energy storage system; high-speed controller; elevator; charging system; inductor’s
excitation voltage

1. Introduction

The population densities in large cities are increasing alongside global population
growth. Consequently, high-rise buildings are increasingly utilized to address the issue
of limited land resources [1–3]. Accordingly, the demand for high-speed elevators is
increasing and related studies are underway [4,5]. The main components of the elevator
system include the rope system, motor, car, counterweight, and traveling cable. The speed

Electronics 2024, 13, 183. https://doi.org/10.3390/electronics13010183 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics13010183
https://doi.org/10.3390/electronics13010183
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-4515-3284
https://orcid.org/0000-0002-7966-0014
https://orcid.org/0009-0005-4593-0310
https://orcid.org/0000-0002-9063-5901
https://orcid.org/0000-0002-4100-2315
https://doi.org/10.3390/electronics13010183
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13010183?type=check_update&version=2


Electronics 2024, 13, 183 2 of 21

of the elevator is influenced by the performance and safety of the major components as well
as various factors, such as the internal environment of the building, manufacturer, purpose
of use, and regulation. Suppose that several conditions, including the main components
of the elevator, are the same. In that case, implementing a high-rise, high-speed elevator
would be advantageous, provided that the load of the elevator connected to the rope can
be reduced [6,7].

A counterweight is used to compensate for the equivalent weight of the elevator car
connected to the rope, and a traveling cable is used to supply power inside the car. The
weight applied to the rope by the traveling cable varies depending on the position of the
car—the higher the height of the building, the greater the weight variation. Therefore, it is
difficult to compensate for the optimal equivalent weight using the count weight [8,9]. The
removal of the traveling cable can reduce the load applied to the rope, thereby increasing
the speed and energy efficiency of the elevator [10–15]. Accordingly, it presents an elevator
system that supplies power by removing the traveling cable and installing a small ESS on
top of a car. Figure 1a shows the configuration of a typical elevator system that receives
power through a traveling cable. Figure 1b shows the elevator system configuration when
applying the power supply method without a traveling cable as proposed in this study.
The charging of the small-capacity ESS is conducted through a bus bar configured along
the inside of the liftway, similar to the pantograph device applied on trains [16–20].

(a) Conventional structure (b) Proposed structure

Figure 1. Configuration of the elevator system with removed traveling cable.

However, when a bus bar is configured on all floors, the disadvantage is that the
installation cost is higher than that of a general traveling cable. To solve this problem, we
can consider installing the bus bar only on odd or even floors, and in some sections where
the elevator car stops. In this study, we interpret the system assuming that the bus bar
is configured on all floors and only in specific sections where the car stops, as shown in
Figure 1b. In the assumed system, the ESS is charged while the car moves to the target layer;
accordingly, as shown in Figure 2, charging starts and ends repeatedly by discontinuous
power supply.
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Figure 2. Charging pattern of ESS when moving the car from the 1st to the 30th floor.

Accordingly, the power converter for charging the ESS configured in an elevator car
requires the following functions: First, it should have a current-control function with
excellent dynamic characteristics that can respond to a discontinuous power supply, as
illustrated Figure 2. Owing to the characteristics of elevator cars, the limited ESS capacity,
and significantly irregular operation patterns, a high-speed current controller with excellent
dynamic characteristics is required to ensure a stable SOC. Second, significant chattering
may occur in the input voltage during the transient state of charging, due to the line
impedance and contact-type charging terminals. This is a result of the long lines from the
power supply to the charging terminal. Therefore, stable transient response characteristics
that can compensate for such instability in DC power are required.

A typical proportional–integral (PI) controller designs control variables based on
a linear mathematical model. Although the modeled conditions provide satisfactory
performance, the performance cannot be guaranteed in terms of parameter variation,
nonlinearity, load disturbance, etc. [21–23]. Fast response can be improved by applying
appropriate PI gain values and anti-wind-up, but overshoot will occur from the time the
inductor current reaches near the target value. There is a trade-off between reducing the
rising time and minimizing overshoot. To compensate for these shortcomings, many strong,
fast, and stable controllers have been proposed for external disturbances. Advanced PI
controllers, state-feedback control, and sliding mode control (SMC) exist that vary the gain,
considering various operating conditions or load disturbances. However, the disadvantage
is that a complex design is required to apply these control techniques. The controller design
is a purely mathematical expression derived from differential equations. However, a power
converter is an actual circuit that consists of inductors, capacitors, switches, diodes, etc.
Therefore, it is necessary to confirm whether the controller obtained from the mathematical
model shows the same response characteristics during actual circuit operations. The more
complex the design, the more time it takes to confirm. The more complex the control
algorithm, the higher the computation amount. In general, control codes are executed in
synchronization with the switching frequency or sampling frequency, so a high-specification
microcontroller unit with a fast calculation speed may be required. Peak current mode
control (PCMC) has been proposed as a relatively simple control method. However, the
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main drawback of PCMC is that due to the inherent time delay in the control loop structure,
exceeding 50% of the limited bandwidth and duty cycle compromises the stability of the
control, leading to sub-harmonic oscillations. In addition, compensating for high sampling
frequencies and delays in digital implementation is challenging, and the increased noise
sensitivity makes it difficult to ensure stability in control [24–28].

According to recently published work [29], a transient high-speed controller (THSC)
with a simple control structure and fast response characteristics, capable of avoiding
overshoots, has been proposed. It calculates the flux linkage of an inductor and applies an
excitation voltage to reach the target current value. However, when calculating the flux
linkage of an inductor, a steady-state error may occur if there are voltage fluctuations or
distortions during the inductor’s error or transient state. This study proposes a transient
high-speed tracking controller (THSTC) that estimates the time based on the slope of the
inductor current without calculating the time applied to the inductor. It can compensate
for control errors that can occur in a transient state while maintaining the advantages
of the existing THSC. This method is a control method suitable for a charging system
with conditions similar to those of the proposed system, and can quickly reach the target
current value without overshooting by tracking the optimal time of applying an inductor’s
excitation voltage without PWM while discontinuous charging is repeated. Simulations
were conducted using PowerSIM (PSIM) to verify the validity of THSTC; A 48V DC
prototype charging buck converter was manufactured, and the performance of the controller
was validated through experiments. The composition of the paper is as follows. Section 2
presents a description of the transient high-speed controller and Section 3 presents the
proposed control method content. Section 4 focuses on the simulation and experiment, and
the last section presents the conclusion.

2. Transient High-Speed Controller
2.1. Analysis of the Synchronous Buck Converter for Charging

The configuration of the buck converter applied to the system is shown in Figure 3.
This buck converter configuration is a standard structure, comprising a synchronous, non-
insulated switch unit with two MOSFETs, an inductor (L), and a capacitor (C). In this study,
the buck converter is analyzed as a step-down structure, enabling power transfer from the
charging terminal to the battery of the ESS [30–32].

Figure 3. Buck converter configuration for uninsulated charging.

The voltage vL applied to the inductor of the buck converter, current iL flowing through
the inductor, and flux linkage λ of the closed bridge have the following relationship:

vL(t) = L
diL(t)

dt
=

dλ(t)
dt

(1)

By applying Kirchhoff’s voltage law (KVL), the inductor voltage vL can be calculated
based on the switching state, and the inductor voltage vL is expressed as follows.

vL =

{
vLon = Vin − Vo for SW1 is ON
vLo f f = −Vo for SW1 is OFF (2)
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Suppose that the input and output voltages remain unchanged, the slope of the
inductor current iL becomes a constant value. Suppose that the switching period is Ts, the
duty ratio is D, the time when the switch is turned on is defined as DTs, and the time when
the switch is turned off is defined as (1− D)Ts. If the rise and fall of the current are divided
into ∆ip and ∆in, respectively, the relational expression is as follows:

∆ip =
VLon

L
× DTs for SW1 is ON

∆in =
VLo f f

L
× (1 − D)Ts for SW1 is OFF

(3)

Figure 4 shows the waveform of the transient and steady state of the inductor voltage
and current of the buck converter. In the normal state, iL((n+ 1))Ts = iL(nTs) is established
and the integration of the voltage waveform is represented by a rectangular region, and
expressed as shown in Equation (4).

Ap + An =
∫ Ts

0
vL(t)dt = (Vin − Vo)DTs + (−Vo)(1 − D)Ts = 0 (4)

Equation (4) is called the voltage second balance law (VSBL), and the input voltage
Vin, output voltage Vo, and duty ratio are defined as Vo = DTs × Vin. The inductor can be
designed to be in the current continuous mode using the above equation.

L =
D(1 − D)Vo

∆iL
× Ts (5)

In a typical buck converter, Vin, Vo, Ts, L, and C are determined during the design
process, and the inductor current is determined only by the duty ratio when controlling the
converter [33–36].

Figure 4. Inductor voltage and current at the transient and steady state.

2.2. Transient High-Speed Current Controller Operation Concept

In the aforementioned VSBL state, the energies charged and discharged in the inductor
are the same, and the charge current is controlled at a constant value, resulting in an average
steady-state operation state. In this case, the duty ratio of the PWM can be determined
by the relationship between the input and the output voltages. However, the VSBL is
not established in a transient state where the voltage or current changes. Therefore, the
duty ratio is controlled using a feedback controller such as a PI controller. PI controllers
are widely used and have proven performance; however, they have the disadvantage of
difficulty in ensuring control stability due to the overshoot characteristics of the transient
state caused by rapid disturbances or system parameter fluctuations. To compensate for
this, THSC has recently been studied as a method to reduce overshoots and improve
responsiveness in transient sections while maintaining a simple control structure. The
THSC is a controller that can increase responsiveness by calculating the flux linkage
of the inductor and applying an excitation voltage without PWM switching, allowing
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instantaneous settling from the transient state to the control current target point. Assuming
that the small ripple voltage contained in the input and output voltages is negligible and
the voltage value remains unchanged, the inductor current increase during the SW1 ON
time in Equation (3) can be determined by calculation. This implies that the SW1 ON time
required to reach the control current target point can be known. By continuously turning
the switch on for the calculated time, it is possible to quickly reach the average steady-state
operation without control in the form of an open loop in the transient state.

When charging begins, the charge current command value Ire f is set to a constant
current value, the value of the inductor is a value determined by the design, and the input
voltage Vin and the output voltage Vo can be detected by sensing. Therefore, the flux linkage
required to reach the charging current command value Ire f can be calculated and the time
to apply the excitation voltage without PWM switching can be defined as the target arrival
time ∆Ttotal .

∆Ttotal =
L · Ire f

vLon

=
L · Ire f

Vin − Vo
(6)

The target arrival time ∆Ttotal is calculated using Equation (6) when the current com-
mand value changes. The calculated target arrival time is reduced by Ts for each control
cycle. The Tc means the target arrival time remaining in the current control loop; under
the Tc ≥ Ts condition, duty ratio D is maintained at 1 (SW1 ON). Conversely, under the
Tc < Ts condition, it is switched to a PI controller containing a feedforward term for stable
control near the control target point. Therefore, the THSC maintains SW1 ON without
PWM for a calculated time in the transient state section to quickly increase the target’s
current value and controls a stable steady state by converting it to a PI controller that
includes a feedforward term at the time of target arrival.

The current waveforms and switching patterns used to compare the response charac-
teristics of THSC and conventional PI controllers are depicted in Figure 5. The PI controllers,
marked with red dotted lines, have response characteristics determined by the P and I gain,
as well as system components. If the gain is adjusted to increase responsiveness in the
transient section and the duty ratio is significantly increased, it becomes difficult to ensure
control stability due to overshoot. However, when the gain is set to reduce overshoot,
the responsiveness decreases. The THSC, marked with a blue dotted line, maintains the
SW (switch) on state until the target current value is reached, continuously increasing
the current. It is then switched to the PI controller from the end of the target arrival time
∆Ttotal to perform linear control. In the transient section, the rising slope of the current is
determined by the inductor, input voltage Vin, and power voltage Vo, and is the same as
the slope of the inductor current when the switch is ON in the steady-state section.

Figure 5. Response characteristics of a transient high-speed controller.
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As such, the THSC can calculate the target arrival time for the target value of the control
current; thus, it can quickly reach a normal state without error correction in the transient
section to ensure stable control. However, if the parameters required to calculate the target
arrival time ∆Ttotal change in the transient state section, an error in the target arrival time
may occur. When the DC power is unstable, a variation in the input voltage Vin may occur.
Additionally, the inductor value may become nonlinear depending on the current value,
or there may be an error between the design value and the actual applied inductor [37,38].
If the applied inductor value is larger than the set inductor value, undershoot may occur
when THSC finishes before the target current point and switches to PI control. Conversely,
if the actual inductor value is smaller than the applied inductor value, overshoot occurs
because the operation time of THSC is maintained even after the target current point. The
greater the variation in these parameters, the more likely it is to affect the responsiveness
and stability of the control. This can be fatal in the proposed system where discontinuous
charging occurs frequently for a short period of time. Accordingly, a method that maintains
the simple control structure of the existing THSC and ensures responsiveness and stability
is required.

3. Proposed Control Method
Transient High-Speed Tracking Current Controller

The THSC can improve responsiveness in a transient state by calculating the target
arrival time ∆Ttotal whenever the current command value changes and applying the induc-
tor’s excitation voltage during the target arrival time. However, owing to the structure
of the ESS shown in Figure 2, the DC power may be unstable in the transient state where
charging begins. In addition, the parameters may vary because of the aforementioned
inductor. Consequently, the error between the inductor current value and the target value
may increase during the calculated target arrival time ∆Ttotal . As the inductor current
increased by the THSC is less than the current target value, the responsiveness decreases,
and in the opposite case, the overshoot increases, making it difficult to ensure control
stability in the section converted to the PI controller. This can be a major disadvantage
in a discontinuous charging system in which charging starts and ends repeatedly for a
short time. Therefore, it maintains the advantages of the existing THSC and proposes a
transient high-speed tracking controller (THSTC) suitable for the proposed ESS system.
THSTC is a method for tracking the target arrival prediction time ∆Test_total by increasing
or decreasing by ∆Test according to the slope of the inductor current without applying the
calculated ∆Ttotal .

The block diagram of the proposed controller is shown in Figure 6. The overall
composition of the controller is divided into a THSTC in the transient state and a PI
controller containing a feedforward term for stable control in the normal state. When
charging begins and the controller operates, the order is as follows.

Step 1, if the controller is initially executed, the initial value of the target arrival
prediction time ∆Test_total is zero. Tr refers to the remaining operation time of the THSTC
block and is defined as ∆Test_total − ∆Ts. The Ts is the control time(equal to sampling time),
the initial value of ∆Ts is zero, and increases by Ts every control cycle while the THSTC
block is maintained. The PI controller in Mode 0 operates according to the mode selection
conditions and the current slope determination block (CSDB) is executed once. At this
time, the CSDB updates ∆Test_total to ∆Test value. When the charging is completed, the
flag variables and various control variables including ∆Ts are initialized; ∆Test_total is not
initialized and maintains the current value.

Step 2, the CSDB increases the ∆Test_total value as the charging start and end are
repeated, and the THSTC operates when the Tr/Ts ≥ 1 condition is satisfied. While the
THSTC is operating, the duty ratio becomes 1 and the SW remains ON. Whenever the
control cycle is repeated, Tr is reduced in units of Ts, and when the 0 < Tr/Ts < 1 condition
is reached, the controller operates in Mode 1 by the mode select. This mode compensates by
applying the remaining time Tr less than Ts to the duty ratio. In the next control cycle, the
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PI controller in Mode 0 operates by mode select, and when charging is complete, various
variables except ∆Test_total are initialized.

Figure 6. Transient high-speed tracking current controller block diagram.

The THSTC tracks the optimal target arrival prediction time ∆Test_total while repeating
this operation, and the block that determines the optimal target arrival time and changes
the value is CSDB. The CSDB executes only once when the PI controller operates in Mode 0.
The purpose of the CSDB is to determine whether the PI controller is in the transient state
section or close to the steady-state operation based on the slope value of the inductor
current when operating PI controller, and to update the ∆Test_total value.

The CSDB operation is as follows: dIL_di f represents the slope of the inductor current
after the target arrival prediction time ∆Test_total . A positive dIL_di f indicates that the
inductor current has not reached the target current value and ∆Test_total should be increased.
Conversely, a negative dIL_di f indicates that the inductor current exceeds the target current
value and ∆Test_total should be reduced. As the ∆Test_total value is optimally estimated,
the inductor current approaches the target current value after the end of the THSTC, and
dIL_di f converges to a value close to zero.

Figure 7 shows the inductor current slope according to the target arrival prediction
time. As aforementioned, when the PI controller operates, the slope of the inductor current
is different according to the target arrival prediction time. ∆Test is a variable for increasing
or decreasing ∆Test_total ; the smaller the value, the more stably the optimal ∆Test_total can
be tracked. However, many charging cycles are required to attain this optimal value. δ
represents a small positive value as a reference value for determining the slope of the
current, and selects an appropriate value based on the characteristics of the system. The
target arrival prediction time ∆Test_total using the CSDB is determined using Equation (7).

∆Test_total(kc + 1) =


∆Test_total(kc) + ∆Test

(
dIL_di f > δ

)
∆Test_total(kc)

(
−δ ≤ dIL_di f ≤ δ

)
∆Test_total(kc)− ∆Test

(
dIL_di f < −δ

) (7)

where kc denotes the current charging time point, and kc + 1 denotes the time point at
which the current charging ends and the next charging starts. ∆Test_total(k + 1) value
updated using Equation (7) is applied when charging starts again after charging is over. In
this way, the optimal target arrival prediction time ∆Test_total is estimated while increasing
or decreasing by ∆Test based on dIL_di f .
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(a) dIL_di f > 0

(b) dIL_di f ≈ 0

(c) dIL_di f < 0

Figure 7. Inductor current slope according to dIL_di f .

The overall flowchart of the operation of the proposed controller in Figure 6 is shown
in Figure 8a. Because the availability of the charging varies, depending on the position
of the elevator car, we first determine whether the input voltage Vin is greater than the
charging start voltage Vin_start. When it is in a chargeable state, the THSTC operates when
the Tr/Ts ≥ 1 condition is reached. While Tr is equal to or greater than Ts, SW remains ON,
and Tr and ∆Ts are changed every switching period. THSTC ends when Tr is less than Ts.
Suppose that the remaining Tr value is ignored. In that case, the smaller the inductor value,
the greater the inductor current error near the target current value. To compensate for this,
the remaining Tr and the feedforward term are utilized to calculate the duty ratio, which is
then used for PWM switching. After the control cycle, the controller is converted to the PI
controller. The duty ratio, which compensates for the error, is expressed as:

duty =
Tr

Ts
+

(
1 − Tr

Ts

)
× Vin

Vo
(8)

A flowchart of the CSDB is shown in Figure 8b. The operating principle is similar
to maximum power point tracking (MPPT). After the THSTC terminates, the current
detection sampling point to calculate dIL_di f is selected based on the responsiveness of
the PI controller. As aforementioned, the CSDB compares dIL_di f and δ and executes
one of three operations: increasing, decreasing, or maintaining ∆Test_total . Whenever
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charging is completed and restarted, the controller is repeatedly operated according to the
aforementioned flowchart and the ∆Test_total value tracks the optimal value that can reach
the target current value Ire f .

(a) Overall flow chart (b) Flow chart of the CSDB

Figure 8. Transient high-speed tracking current controller flow chart.

4. Simulation and Experiment
4.1. Simulation

The simulation circuit diagram to verify the validity of the proposed THSTC is shown
in Figure 9. The simulation consisted of a charging line, buck converter, and controller.
The purpose of the simulation is to verify that the transient state is improved by THSTC
when the charging start and end are repeated for a short time by simulating similar to
the proposed ESS charging system. A switch circuit was configured to turn the input
voltage ON/OFF every 20 ms cycle to simulate a repeated discontinuous charging state. To
simulate line impedance, 0.01 Ω of line resistance and 1 µH of line inductance were added.
The power-side battery uses a Randles model, and the parameters used in the simulation
are listed in Table 1.

Table 1. Specifications and simulation circuit parameters.

Note Symbol Value

Buck converter input voltage Vin 48 V

Battery voltage Vbat 28 V

Current command value Ire f 16 A

Inductor’s inductance L 760 µH

Switching frequency fs 20 kHz

System proportional gain kp 0.004

System integral gain ki 0.04

Charging cycle Tc_c 20 ms
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Figure 9. Simulation circuit diagram.

Figure 10 shows the simulation results that confirmed that the transient state of the
charge–current waveform was improved as charging was repeated when the proposed
algorithm was applied. In the simulation condition, the start and end of charging were
repeated every 20 ms, and ∆Test was applied with a value of Ts × 0.505, which is a value
corresponding to approximately 85% of the feedforward term. Although a peak voltage
of approximately 7.5 V occurs at the input voltage when charging begins, the response
characteristics in transient states gradually improve as the charging number increases.

Figure 10. Charging current change applying the proposed controller.

Figure 11 presents a waveform comparison between the initial charging current
(∆Test_total = 0) and the optimized 25th charging current. This comparison is intended
to confirm that the proposed controller, as outlined in the controller block depicted in
Figure 10, operates on the 25th charging.

The inductor current and PWM output waveform in the transient state of the first
charge cycle are shown in Figure 11a. The waveform in the transient state of the 25th charge
cycle is shown in Figure 11b. The two waveforms were compared and analyzed at the same
time-base of 20 ms. In Figure 11a, the value of ∆Test_total is zero; thus, PWM is generated by
the PI control without the operation of the THSTC and approximately 16.5 ms is required to
reach the target current value (16A). Figure 11b shows that the ∆Test_total was increased by
CSDB to operate the THSTC block and then the steady-state control was stably performed
by the PI controller in Mode 0. The target current value(16 A) was reached at 0.65 ms,
which significantly improved the responsiveness and stably controlled without overshoot.

Figure 11c shows a waveform obtained by enlarging the 25th charging current wave-
form to 4 ms to confirm the change in the ∆Test_total value and the Tr value. The red
waveform of the first waveform represents ∆Test_total/Ts with a value of 12.12. This means
that the ∆Test_total value has steadily increased by ∆Test during the 24 times repeated discon-
tinuous charging. Even after the THSTC block was terminated and the CSDB algorithm was
executed, ∆Test_total maintained a constant value, indicating that the slope of the inductor
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current was within the error of the steady-state current, indicating that the ∆Test_total value
had been tracked to the optimal value. The blue waveform represents the value of Tr/Ts.
When the THSTC block was operated in Mode 2, Tr was reduced by Ts for each switching
period. During 12Ts in which the Tr ≥ Ts condition was maintained, the THSTC block was
operated and SW1 maintained an ON state.

(a) Transient state waveform at first charge

(b) Transient state waveform at 25th charge

(c) Enlarged waveform for 4 ms at 25th charge

Figure 11. Transient state waveform with Test_total change.

The second waveform in Figure 11c shows the duty ratio of SW1. When the THSTC
block was terminated, the Tr value became 0.12Ts and operated in Mode 1 on the next
control loop by mode select. The part indicated by the blue dotted colored circle indicates
that duty ratio compensation was applied using the remaining Tr value in Equation (8).
This compensation value was applied during one control loop and had a duty ratio of 0.633.

The third waveform is an enlarged inductor current, and as confirmed in the Figure 11b
waveform, the time to reach the target current of 16 A was 0.65 ms and was stably controlled
without overshoot.

Figure 12 is an enlarged simulation result from the 12th to the 16th charge, detailing the
transient state change of the ∆Test_total value and the charging current. The first waveform
represents the duty ratio of SW1, which transitioned from the THSTC to the PI controller.
In the average steady-state operation, the duty ratio was approximately 0.58996. The
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second waveform shows the ∆Test_total/Ts value, which was 6.06 in the 12th charge cycle,
with the THSTC block operating for 0.3 ms. It is observed that the value of ∆Test_total
increased as discontinuous charging repeated; in the 16th cycle, the waveform value was
8.08, and THSTC operated for 0.4 ms. The third waveform checks the change in the transient
characteristics of the inductor current. It was confirmed that the arrival time of the target
current value was 9.7 ms in the 12th charging cycle, and the transient responsiveness
continued to improve, reaching 7.1 ms in the 16th charging cycle.

Figure 12. Transient response characteristics during the 12th to 16th cycles.

Figure 13 shows the results of comparing the transient characteristics of three con-
trollers, PI controller, PI controller with anti-windup, and THSTC, after changing the PI
gain so that the duty ratio is maintained at 1.0 until the target value is reached. THSTC
uses the same pi gain as before, and the gain values for the other two controllers are
Kp = 0.0342, Ki = 60, and Ka = 30. The first waveform shows the inductor current of the
PI controller and the PI with anti-wind-up controller. The time to reach the target value
for both controllers is the same at 0.65 ms, but the difference is in the magnitude of the
overshoot. At the maximum overshoot point of the two controllers, the current difference
is about 1.5 A. The second waveform shows the results of PI with anti-wind-up controller
and THSTC. Although the target arrival time is the same, there is a difference in overshoot
and settling time. The third waveform shows the result value of anti-wind-up. This value is
the controller result over the limit value (1.0) multiplied by the Ka gain. It can be seen that
it occurs in the transient region and acts to lower the overshoot. As a result of comparing
the three controllers, it can be confirmed that THSTC, which estimates the optimal time,
maintains the duty ratio at 1 up to the target value even with a low PI gain and is stably
controlled without overshoot in the normal state.

Figure 14 shows the simulation results for comparing the characteristics of the conven-
tional THSC and the proposed THSTC as a function of inductor variation. The inductor
value changes from 760 µH, the same as before, to 860 µH at about 40 ms. The first wave-
form in Figure 14b represents the inductor current of the two controllers. In the first charge
with no change in inductor value, both controllers show excellent characteristics. After
the inductor is changed to 860 µH, the THSC executes the PI controller before reaching
the target value because the inductor value applied to the calculation is smaller than the
actual value. As a result, an undershoot occurs, and the same characteristics are shown in
subsequent charging. However, the proposed THSTC continues to increase the ∆Test_total
value because the slope of the inductor current has a positive value. Accordingly, the
transient characteristics are gradually improved, and it can be confirmed that THSTC oper-
ates without undershoot or overshoot in the final charging cycle. The second waveform
in Figure 14a shows the result of the change in the ∆Test_total value and the remaining
operation time Tr value of THSTC. It can be seen that after the inductor value is changed,
∆Test_total continues to increase and Tr changes accordingly. Figure 14b is an enlarged
waveform of the first and last charging waveforms in Figure 14a. In the first waveform, the
two controllers show similar characteristics, but in the last waveform, THSC undershoot
occurred. THSTC optimally tracked ∆Test_total and confirmed that the operation was stable



Electronics 2024, 13, 183 14 of 21

without overshoot or undershoot. The target arrival time of THSTC is 0.72 ms and the
∆Test_total value is 13.635, confirming that the duty ratio is maintained at 1 for 13Ts.

Figure 13. Simulation results comparing three controllers.

(a)

(b)

Figure 14. Two controller simulation results according to inductor change. (a) Change in characteris-
tics of 2 controllers over the charge cycle after the inductor change. (b) Waveforms of the first and
last results zoomed in for 3 ms.

4.2. Experiment

The buck converter system used to validate the proposed THSTC is shown in Figure 15.
The microprocessor implemented a control board using TMS320F280025 (Texas Instruments,
Dallas, TX, USA) and a relay on the input terminal was used to repeat the start and end of
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charging. Considering the relay operation time, the charging cycle was set to 500 ms. The
parameters applied to the system are listed in Table 2.

Figure 15. Experimental prototype of the buck converter.

Table 2. Specifications and parameters of the experimental circuit.

Note Symbol Value

Buck converter input voltage Vin 48 V

Battery voltage Vbat 27 to 29 V

Current command value Ire f 5 to 16.5 A

Inductor’s inductance L 760 µH

Switching frequency fs 20 kHz

System proportional gain kp 0.001

System integral gain ki 0.02

Charging cycle Tc_c 500 ms

The experiment was conducted under two conditions. The first experiment was
conducted to verify the operating characteristics of the THSTC under conditions similar
to those of the simulation and to verify that the target arrival time was tracked during
repeated discontinuous charging. The second experiment involved changing the conditions
and comparing the transient characteristic change in the charging current by THSTC in
continuous waveforms using oscilloscopes.

Figure 16 shows the experimental waveform, confirming the operating characteristics
of the first charge cycle in which the buck converter was operated. The purpose of the
experiment is to check whether ∆Test_total can be well-tracked by repeating the charging
start and end under conditions similar to the simulation. Ch1 Ch2, Ch3, and Ch4 represent
the drain-source voltage (Varm) of the SW2, output-end battery voltage, inductor current,
and battery current, respectively. The results show that the initial ∆Test_total value was zero,
and the THSTC block did not operate, and PWM control by the PI controller operated; the
steady state (16 A) was reached within approximately 17 ms.
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(a)

(b)

Figure 16. Transient state waveform at the 1st charge cycle: (a) timebase: 5 ms/div; (b) timebase:
500 µs/div.

Figure 17 shows the experimental waveform confirming the THSTC operation char-
acteristics at a time point after a certain period after discontinuous charging is repeated.
As shown in Figure 17a, the time for the inductor to reach the current command value
of Ire f (16 A) was 0.67 ms, which significantly improved the response compared to the
operating characteristics of the first charge current. In Figure 17b, looking at the Varm
voltage of Ch1, it was confirmed that SW1 continued to turn on in the transient oper-
ation section. It can be seen that when the THSTC was terminated and switched to
the PI controller, it operated stably without overshoot. Through the first experiment,
Figures 16 and 17, it can be confirmed that transient response characteristics similar to the
simulation results appear.
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(a)

(b)

Figure 17. Transient state waveform of the charge cycle with an optimized Test_total : (a) timebase:
5 ms/div; (b) timebase: 500 µs/div.

As shown in Figure 18, an experiment was conducted to validate the trend of improv-
ing the transient response as discontinuous charging was repeated. The current command
value Ire f was changed to 5 A to confirm the change in the transient characteristics of the
THSTC according to the charging period on one screen of the oscilloscope. Figure 18a
shows an enlarged current waveform at the first charge, confirming that PWM switching
was operated by the PI controller without THSTC operating. Figure 18b is an enlarged
current waveform during the fourth charging cycle, confirming that the THSTC was op-
erated due to the increased ∆Test_total ; however, the THSTC terminated before reaching
the target current value of 5 A. Subsequently, the PI controller was operated. Figure 18c
is an enlarged current waveform during the 8th charge. Compared with Figure 18a, it
was confirmed that the inductor current increased rapidly to the target current value (5 A)
by optimizing ∆Test_total and stably switching without overshoot at the time when the PI
controller operated.
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(a)

(b)

(c)

Figure 18. Changes in the transient state waveform with an increasing charge cycle: (a) first cycle
(timebase: 1 s/div (zoom 10 ms/div)); (b) fourth cycle (timebase: 1 s/div (zoom 10 ms/div)); (c) eight
cycles (timebase: 1 s/div (zoom 10 ms/div)).

5. Conclusions

This study presented a novel elevator system structure with a small ESS and proposed
a suitable controller. The effectiveness of the proposed controller was validated through
simulations and experiments. The THSTC used the concept of THSC, which reached the
target current value by applying an inductor’s excitation voltage without PWM switching.
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At this time, the optimal time applied was a method of tracking the target arrival prediction
time by the CSDB algorithm rather than the conventional method by calculation.

If the DC power is unstable during the transient section or parameter fluctuations
including inductor occur, the conventional THSC may have an error when switching to
the PI controller. The proposed controller can maintain a simple control structure and
ensure responsiveness and stability by using frequent discontinuous charging and constant
current command value in the current charging mode. With the accelerating activation
of distributed resources, the use of various types of DC power systems has increased.
The proposed controller does not require a complicated design and has a simple control
structure with excellent dynamic properties; therefore, it is expected to have a significant
effect when used in systems with repeated discontinuous charging.
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Abbreviations

THSC transient high-speed current controller
THSTC transient high-speed tacking current controller
∆Ttotal the target arrival time by calculating in THSC
CSDB current slope determination block
∆Test_total the target arrival time by CSDB in THSTC
∆Test variable for increasing or decreasing ∆Test_total
Tr the remaining operation time of the THSTC block
Ts control time (equal to sampling time)
∆Ts increases by Ts every control cycle while the THSTC block is maintained
dIL_di f the slope of the inductor current
kc the current charging time point
δ small positive value
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