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Abstract: This paper presents a new limited switching frequency digital hysteresis current control method
for a five-level neutral point clamped (NPC) Type G medium voltage induction motor drive. An indirect
rotor field-oriented controller (RFOC) is used to speed control. The hardware topology and the controller
implementation are described. The proposed method is compared to the traditional one, which is based on
sampling frequency limitation. Results obtained from computer simulations are presented. It can be noted
from them an improvement of the voltage and current harmonics spectra and diminution of the torque ripple
amplitude.

Keywords: Multilevel inverter; current control; hysteresis; neutral point clamed (NPC); pulse width
modulation (PWM).

1. INTRODUCTION al., 2019), (Ejlali, et al., 2016), (Ramos, et al., 2020), and

others. In order to take advantage of these benefits, this work

With the advance_ment of |ndustr|a_l automation, AC machin akes use of the hysteresis current control technique to control
need more effective control, allowing better control of speeq,.. . .
five-level medium voltage drive.

acceleration and torque, in addition to better efficiency. For

this reason, power converters must have better strategiesTkee main motivation for doing this work is some of the

optimize their operation, as is the case of those that use PVdNficulties commonly faced to implement indirect rotor field-

modulation techniques. oriented control (RFOC) in medium voltage drives. As is well

. known, slow switching devices such as those used in this type

e o el e e 0 ow actuaion rtes (Mohan, et l. 1969
' ' Which causes delays in command synthesis and errors in the

peak current protection, compensation of load paramet !8d orientation angle. An awkward compensation of this

change, semiconductor voltage drop and dead times of . g ; .
converter (Kazmierkowski & Malesani, 1998). This is thé r?gle is necessary if a linear current control is used because it

reason for using current control in high performance drives fequires the implementation of a voltage decoupler. It
9 gnp ‘calculates voltage references from current references and

The performance of the converters depends on the appliedchine model parameters. The inherent delay in the voltage
current control strategy. The voltage source inverters (VSigpmmands synthesis and errors in the machine model
current control techniques can be categorized as linear or neatimated parameters cause incorrect field orientation,
linear. Some non-linear controllers are based on hysteresigpairing the controller's performance. Thus, techniques such
strategies that, in spite of operate with variable frequeneg hysteresis current control are extremely welcome to this
(Novotny & Lipo, 1996), provides a fast response to transieapplication, as they synthesize current commands directly and
events (Bode & Holmes, 2000) (Jena, et al., 2011). therefore do not require voltage decoupling. Therefore, the
The hysteresis r.egullator is the simplest type of PWM curre\(; ?ﬁ:ﬁg%ﬁ:} eezoeﬁzsh,inaésp;vr(:kgtsertsh;: rrreodrugggéed by the
regulator. Despite its good current amplitude control, the
highly variable switching rate may cause low frequencies to the hysteresis control, when the current slope varies, the
appear in the spectrum (Novotny & Lipo, 1996). Even sapverter switching frequency may become too high, exceeding
hysteresis control offers fast response and good accuraityg semiconductor devices limits. This paper proposes a way
besides less dependency on load parameters. These and dthevercome this problem, limiting the switching frequency by
benefits of hysteresis modulation have renewed interest delaying the switches commands in some circumstances. This
studding this technique as seen recently in (Elnady & Nasmethod is compared to the traditional one which seeks to limit
2022), (Lakhimsetty, et al., 2019), (Shah, et al., 2020his frequency through the sampling frequency used on the
(Chakraborty & Dey, 2020), (Kubera, et al., 2016), (Raju, eontroller.
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Presently, the control circuits of modern converter tend to lhecreasing the number of voltage levels increases the
digital, what is possible with the use of Digital Signatomplexity of implementing the modulation technique. In this
Processors (DSPs). This paper proposes the implementatiopaber hysteresis current-regulation is applied in NPC Type G
a digital hysteresis current control with the use of a Fieldonverter and this technique is detailed in the following
programable Gate Array (FPGA) in addition to the DSRsections.

sharing computing efforts and allowing an asynchronot'~ c

signal processing. Analog hysteresis has been successfully

widely implemented, but digital hysteresis, on the other han

has some challenges to be overcome (Yi, et al., 2016). b . —
This paper is organized as follows: Section 2 introduces brie! © MODULE
the five-level NPC Type G inverter topology chosen for thi A

study. Section 3 presents the basic operation of curre
hysteresis and the multiband method used on multilev
inverters. Section 4 proposes the multiband method with t
addition of the switching frequency limiter improving its
performance. Section 5 gives simulations results to che

effectiveness of proposed technique. Finally, conclusion e :j
this paper is summarized in Section 6.
2. INVERTER TOPOLOGY \%>’;

POWER
MODULE
B

I__I

A

In medium voltage inverters, there is an intrinsic problem ¢
the operation in high frequencies due to semiconductc
limitations. Another problem comes from high dv/di
commutation and high voltage that needs to be blocked by 1
switches. One way to solve this is the use of multilev
topologies, which divides the effort of each switch, allowiny POWER
the inverter to operate in high power systems, besid J MODULE

v

improving the THD in drive’s output voltage. The topology C
chosen for this study is the NPC Type G inverter (Hill &
Harbourt, 1999), which shows itself very suitable for man )
modulation strategies. In NPC Type G, each phase uses 1 @

legs of a common 3-level NPC, as shown in Figure 1. Tt

complete scheme is shown in Figure 2. In this circuit the three

power modules are connected in a common neutral point, dﬂgure 2 — A five-level NPC Type G invert@ruiz & Stopa,

a wye-delta-zig-zag transformer is used to reduce the harmo%ﬂ:1
content of rectifiers input current. 3.HYSTERESIS CURRENT-REGULATION

. The PWM hysteresis current regulator consists of a reference

current signal that is compared to the measured current,
A OJI: A OJI: ZAN generating an error signal. This signal is applied to a hysteresis
o | ZX V2= C comparator producing the logical commands to the switches.

z, Figure 3 shows the typical hysteresis regulator behavior.

e R /‘i\'“')i*/\""*’/{'xx'x\"/\7’?7&“"
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Figure 1 — Power module based on three-level NPC(lagz Time
& Stopa, 2015)
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Figure 3 — Typical hysteresis regulator behavior.
In this topology it is possible to obtain five-levels in the

inverter's output phase voltage. A 5-level NPC converter has Figure 3 the hysteresis band B determines current limits,

60 active space vectors, what leads to 9 steps in the line-to-ligl, when the upper limit is reached the control logic acts

voltage. combining the switches states so that the current starts to
decrease. Otherwise, when the current reaches the lower limit,

ISSN: 2525-8311 0464 DOI: 10.20906/CBA2022/3239



Sociedade Brasileira de Automatica (SBA)
XXIV Congresso Brasileiro de Automatica - CBA 2022, 16 a 19 de outubro de 2022

the control logic acts in the opposite way, causing the curramged to set the converter maximum switching frequency. In the
to increase again and the cycle repeats continuously. Omaltiband hysteresis, if the current varies very quickly, the
multilevel inverter, the control logic is more complex and haverror can cross more them one outer band, causing the output
multiple ways to be implemented. Section 3.1 describes onevalitage to change abruptly through multiple levels. This
these methods. behavior is illustrated in the Figure 6 example, wheyard

Ty are two different sampling times. Note thati§ four times
larger than 7, causing the output voltage to change more
Some control methods for current hysteresis in multilevévels if compared toqlcase.

converters have been proposed, as in (Bode, et al., 20C™ Lnner
(Marchesoni, 1989). The main methods were compared | Hand
(Shukla, et al., 2011), where the multiband method, fir:
proposed in (Marchesoni, 1989), proved to be efficient ar
easy to implement, which is why it was selected for this stud

3.1 Multiband Hysteresis Current Regulation

ref

&

- | Monostale
Vibrator

The multiband hysteresis operation is illustrated in Figure
In this case there are outer badd® in addition to the inner

band B. When the error touches the inner band, the inver 3$E ;‘ N{f}{j‘r‘:fjf é>7
switches in adjacent voltage levels. When an outer band lir : 5

v

A A

Monostale

is reached, an additional level is selected. The hystere ol

control system is shown in the Figsewhere the reference
current is compared to the measured current generating ! Bands

error signal. This signal is applied to hysteresis elements,¢c 77
for the inner band and one for each outer band. The outer ba

h 4
I

e

A Firing
generate pulses through monostable vibrators for a counter 1 Pulses o
defines which levels will be used. The system uses thr S“Ll;‘;}ing DI ey P
independent controllers, which means that each phase ha: le—| Counter |4

own hysteresis control system. If the control logic is efficient
enough, the load will have to be fed only by the necessdfigure 5 — Multiband hysteresis control system for each phase.
voltage levels. In the case of an induction motor with near *~ 4
zero speed, for example, the lowest voltage levels can be u
by the 5-level inverter, as well as a 3-level inverter. This hel
in the synthesis of the output voltage, improving the V/f ratic
decreasing switching losses and decreasing the dv/dt variati
which reduces the effort of the switches.

A

Current
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' Inverter Switched
output voltages

v di b = r ,
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V. /4 1 : Inverter Switched Lo -V, /4= Tb R .
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. . . . — Hysteresis with frequency limiter
Figure 4 — Multiband five-level hysteresis current contrc
(Shukla, et al., 2011)

4. MULTIBAND HYSTERESIS WITH SWITCHING _ _ o _
FREQUENCY LIMITER Another way to establish a maximum switching frequency is

o ) _ through the use of a frequency limiter on firing pulses signals.
In digital hysteresis current control, the reference is samplgfthis way, the sampling frequency may be higher, making the
so the maximum switching frequency is limited to a half of thgj,cit respond better (more quickly) to hysteresis commands.

sampling rate (Ramos, et al., 2020). It happens because fi@re 6 shows the difference between two cases. Case 1 is the
inverter acts just once at a sampling time period. This is often

—+—  Maximum switching frequency limited by sample frequency

Figure 6 — Digital multiband hysteresis behavior.
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conventional digital hysteresis and case 2 is the hysteresis with 5. SIMULATION MODEL AND RESULTS

the frequency limiter. In case 1 the sampling tlr_rgesTfour A simulation model is used to compare the traditional digital
times larger than J{case 2). It can be noted that in case 1 the ~ . : : .
: mu{tlband hysteresis current control, using the sampling rate
current error reaches the outer hysteresis band before the nex : o
control the maximum switching frequency, and the
sample. It causes the output voltage to change abruptly through : e .
. . . oposed method using the frequency limiter on firing pulses
two levels. It does not occur in case 2, in which only twO.
?Jlgnals.
voltage levels are used. It happens because of the faster actirig
of the converter in case 1, that was provided by the smalleiie system was implemented on PLEGulation software.
sampling time. In Figure 6 it can be noted the frequency limitérconsists of the digital multiband hysteresis described before
acting on the last switching in case 1 (sample timg)mWhen driving a 6,000 hp RFOC induction motor drive (Novotny &
the turn on pulse is delayed. In both cases, maximum switchibigpo, 1996), as shown in Figure 9.

frequency is given by 1/6¥Ts). The machine used on the simulation is a 4-pole, 60 Hz, 3-phase

Figure 7 shows the scheme for the proposed frequency limiterduction motor, 6,000 hp, 4,160 V and 1,787 rpm rated speed.
Monostable vibrators are used to count the correspondipe inverter is a five-level Type G NPC with DC bus set to

period of time of the frequency limit. It receives a positivg,400 V, and the maximum switching frequency considered is
pulse on the input and generates a fixed width pulse on & kHz due to semiconductors limitations in this power range.
output. The flip-flop holds the output until the monostabl

allows it to change again ?n order to speed up the flux establishment, it was used a flux

control loop. It reduces the simulation time.

Flux* z %':?:Ii 6,000 hp

Pulse in |—\ — ™ —dq /7 ; SES
Pulse out L Mutiband >
S Q _— Controller | Hysteresis B JG ——»—( ™M
—— 1/ abc ]
—d L R Q 4 ] T 5 Level NPC
Df B w T
ux ||
r 41 DO Slip dq Tabc
calculator
—/ abc

Figure 7 — Frequency limiter. T

sif Encoder'—
In the case of hardware implementation, a speed control and o ) ]
the hysteresis current control must operate in asynchrondugure 9 — System of a digital multiband hysteresis current
mode in respect to the frequency limiter, since it will noggontrol driving a 6,000 hp induction motor.

depend on the control sampling rate, allowing more accuraigo situations were simulated. Case 1 is the standard digital
firing pulses. This leads to the need of two different processigg,itiband hysteresis with the sampling frequency of 5 kHz,
units as shown in Figure 8, in which a DSP is responsible fgfich gives a maximum switching frequency of 2.5 kHz. Case
the speed control and the hysteresis current control, ang gs the multiband hysteresis with frequency limiter. The
FPGA is responsible for the switching logic and the frequen%\émp"ng frequency was set to 15,360 kHz and maximum

limiters. switching frequency to 2.5 kHz.

The simulation starts by, first establishing the machine flux to
Measurement its rated 8.89 Wb value, which occurs in 15 s. After that, a
speed ramp reference is applied to the control with a final value
corresponding to the machine nominal (1,787 rpm). A load

v step torque is applied at 20 s, again with the machine nominal

Speed Hystefesis value (23,900 Nm).
Controller . C“”e”} Figure 10 and Figure 11 show the motor speed and torque
Contro (estimated) in case 1 and 2, respectively. In case 1, the

_ : A maximum torque ripple is 34,930 Nm, and 7,661 Nm in case
s e R S S i 2.Figure 12 and Figure 13 show line to neutral voltage, line to
line voltage and current harmonic spectrum for cases 1 and 2
; A : in steady state operation. The rectangular time window was

; used to calculate the harmonic spectrum corresponding to one
JG

Switching .| Frequency
Logic "|  Limiter

v

signal period.

It is noticed that in case 1, without frequency limiter and
: ; sampling frequency of 5 kHz, the torque oscillation is much
! FPGA : higher than that in the second situation, with the frequency
T limiter and 15,360 kHz sample frequency, mainly at the
Figure 8 — Processing scheme of the system. beginning of the speed ramp (low speed operation). At this
point, the counter emf is smaller, and for this reason, the

5 Level NPC
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current tends to vary faster, as can be seen in Figure 14. 1
problem is minimized in the second situation, as shown

Figure 15, where the sampling rate is higher and the commai
tend to have a better response to hysteresis commands. Wi 7 |,
low sample frequency, the inverter tends to cause abrt £,
changes in the output voltage (Figure 14 detail). The sar &
occurs in steady state situation, as can be seen in Figure
Figure 17 shows the steady state condition with the frequer
limiter and higher sample frequency, what avoids the abru

changes in output voltage.
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Figure 11 — Case 2: speed and electrical torque (estimated) of
driven by multiband hysteresis with
frequency limiter and 15,360 kHz sampling frequency.

[Line to neutral Voltage

Figure 10 — Case 1: speed and electrical torque (estimated
induction motor driven by multiband hysteresis withou
frequency limiter and 5 kHz sampling frequency.

Another important aspect to be observed is that in the secc
situation only the lowest voltage levels are used during tl
start of the induction machine (low speed operation). This i<
more adequate behavior of the proposed multiband hystere

control system.

Itis important to note that, with the higher sampling frequenc
the THD of the load voltage and current are much better,

can be seen in Table 1.

Table 1 — THD of the load voltage and current addstestate

condition.
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