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Abstract: A modeling of a turbo air compressor system (TACS), with a multi-level inverter for
driving variable speed, combining an electrical model of an electric motor drive system (EMDS) and a
mechanical model of a turbo air compressor, is essential to accurately analyze dynamics characteristics.
Compared to the mechanical model, the electrical model has a short sampling time due to the high
frequency switching operation of the numerous power semiconductors inside the multi-level inverter.
This causes the problem of increased computational time for dynamic characteristics analysis of
TACS. To solve this problem, the conventional model of the multi-level inverter has been proposed to
simplify the switching operation of the power semiconductors, however it has low accuracy because
it does not consider pulse width modulation (PWM) operation. Therefore, this paper proposes an
improved modeling of the multi-level inverter for TACS to reduce computational time and improve
the accuracy of electrical and mechanical responses. In order to verify the reduced computational
time of the proposed model, the conventional model using the simplified model is compared and
analyzed using an electronic circuit simulation software PSIM. Then, the improved accuracy of the
proposed model is verified by comparison with the experimental results.

Keywords: induction motor; modeling; multi-level inverter; pulse width modulation; variable
speed drive

1. Introduction

Recently a variable speed drive (VSD) for electric motors that improves energy effi-
ciency has drawn tremendous interest within the power industry. Simple and classical
2-level inverters for VSD have the disadvantages of complex circuit configuration and
difficulty in controlling, requiring high power and medium voltage [1-3]. Moreover, over-
voltage stress is generated in the motor due to the high frequency pulse width modulation
(PWM) switching of the 2-level inverters [4]. To solve this problem, an analog filler is
added to the output terminal of the 2-level inverter to suppress overvoltage, but there is a
disadvantage of increasing the volume of the system [5].

Multi-level inverters have advantages such as reduced overvoltage and reduced total
harmonic distortion due to the high switching frequency operation [6-8]. In particular, the
multi-level inverter can operate medium voltage and high voltage induction motors, and is
applied to large air compressor systems such as screw compressors and centrifugal turbo
compressors. Centrifugal turbo air compressors have high operating efficiency, but have a
narrow operating range of 70% to 100% [9].

A turbo air compressor system (TACS) consists of a centrifugal turbo compressor
for air compression and an electric motor drive system (EMDS) for power transmission
to the compressor. In order to improve the efficiency of TACS and expand the operating
range, the variable speed drive (VSD) of the motor driven by the multi-level inverter
and an inlet guide valve (IGV) control to modulate the operating range are applied [9,10].
The combination of VSD and IGV control should be verified by dynamic characteristics
simulation as it may cause system instability due to control variable error, and surge and
choke phenomenon [11].
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For accurate dynamics characteristics analysis, it is necessary to implement the TACS
model that considers the mechanical model of the centrifugal turbo compressor of the
TACS and the electrical model of the EMDS [12]. Compared with the mechanical model,
the electrical model requires a short sampling time because of the multi-level inverter
that performs the high frequency switching operation, so there is a problem that the
computational time for analysis becomes longer [13]. To solve this problem, [12] proposed
an average model of the multilevel inverter for the TACS, which improved the simplified
model of a three-phase inverter. However, the proposed conventional model has a problem
of low accuracy of response characteristics because it did not take into account the PWM
operation. Therefore, this paper proposes an improved modeling of the multi-level inverter
for TACS to reduce the computational time and improve the accuracy of the electrical
and mechanical responses. Compared to the conventional model, the proposed model of
the multi-level inverter is not complicated, and their parameters are easy to extract. The
presented approach enables realizing the simulation of the overall TACS with satisfactory
accuracy. Simulated results were compared with experimental results to confirm the
accuracy of the proposed model. Models presented in this paper were developed and
validated using a PSIM simulator, however, the proposed model solution may be adapted
without significant modifications to other circuit simulators, e.g., MATLAB, POWERSIM,
PSpice, etc. The proposed modeling approach may be successfully used for the evaluation
of control variable selection, system stability, and energy saving analysis for TACS.

2. Configuration of TACS

Figure 1 shows the configuration of TACS. TACS is classified into a mechanical model
and an electrical model. The mechanical model is a turbo air compressor and is composed
of the helical gear, IGV, blow of valve, control valve, and stage impellers. The electrical
model is the EMDS, which consists of an induction motor and a multi-level inverter.
Tables 1 and 2 show the specifications of TACS and EMDS. With a pressure of 8 bar, the
rated flow is 10,000 m3 /h, the shaft rotation speed is 3600 rpm, and the rated mechanical
power of the shaft is 848.9 kW. The operating range is 70 to 100% with VSD, and 40 to 100%
with VSD and IGV control. Since the input voltage is 6.6 KV, the topology of the multi-level
inverter was selected as the 11-level cascaded half bridge (CHB) inverter [10].

' Multi-level
! Inverter

Outlet

Power Power
cell x| cell
. . .
L . .
. L] .
L
Power Power Power
cell cell x| cell

Figure 1. Configuration of turbo air compressor system (TACS).
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Table 1. Specifications of TACS.
Item Value Item Value
Number of stage 3 Rated pressure 8 bar
Rated flow rate 10,000 m3/h Shaft speed 3600 rpm
Shaft power 848.9 kW Motor type Induction motor
Rated power of motor 1050 kW Rated power of inverter 1500 KVA
Operating speed o Operating speed range o
range with VSD 70~100% with VSD and IGV 40-100%
Table 2. Specifications of electric motor drive system (EMDS).
Item Value Item Value
Input voltage 6.6 KV Rated voltage 6.6 KV
Topology 11 level No. of poles 2
Inverter Switching frequency 10 kHz Motor Rated speed 3600 rpm
Control method V/F

3. Model of TACS
3.1. Mechanical Model

The turbo air compressor can be modeled using compressor maps derived through
the computational fluid dynamics (CFD) analysis. The mechanical model of the turbo air
compressor can be expressed by the corrected air flow rate ., pressure ratio PR, and
corrected rotational speed N+ as follows [9]:

Meorr = (M1 \/Tl /pl)/(ml \/Tl /pl)nom (1)
PR = (PZ/Pl)/(pZ/Pl)nom (2)
Neorr = (n/\/Tl)/(n/\/Tl)nom 3)

where m; is the air flow rate, T is the temperature of inlet, p; and p; are the pressures
of the inlet and outlet. The compressed air flow rate according to the IGV angle can be
expressed as follows [12]:

my =my"™" [1 — VACF(Smax — 0)] (4)

where m;" is the compressed air flow rate when the IGV angle is maximum, VACF is the

angle correction factor of the IGV, and J,,5y and ¢ are the maximum angle and IGV angle.
The shaft power of an electric motor in an air compressor can be expressed as follows [12]:

Pe =mycy(Ty — To) &)

where ¢, is the specific heat at constant pressure and T is the temperature of outlet. The
shaft power of the mechanical model can be used to apply torque to the electrical model.

3.2. Electrical Model

The torque equation and output power equation of the induction motor using dg-axis
transformation are as follows [14]:

Te = (P/2)(3/2)Ly (iqsidr - Z.dsiqr) (6)

Py =wnTy (Ty=Te) )

where L, is the magnetizing inductance, iys and igs are the d-axis current and g-axis current
of the stator, iy, and iy are the d-axis current and g-axis current of the rotor, wy, is the
mechanical angular speed of the rotor and T}, is mechanical torque which is equal to the
electrical torque T,. Compared to the induction motor model using the three-phase voltage
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equation, the dg-axis voltage equation is mathematically simpler and the computational
time can be shortened [12].

The detailed model of the 11-level CHB inverter can be implemented with multi-
carrier modulation using PWM [15,16]. The multi carrier modulation switches the power
semiconductor device through comparison of a carrier wave and a modulated wave.
The number of the power cells per phase of the 11-level CHB inverter can be expressed
as follows:

h=1/2(m —1) ®)

where m is the number of level of inverter. In the case of the 11-level CHB inverter in
the simulation software PSIM environment, there is a problem that a total of 60 power
semiconductor device models are switched which is increase the computational time.

To simplify the semiconductors, Figure 2a shows the flow chart of the conventional
model to shorten the long computational time of the detailed model in the PSIM simulator
due to the switching operation of the inverter. For the conventional model, when the
reference speed 1, is inputted, the electrical angle 6 of the induction motor and the
magnitude V of the modulated wave are calculated to generate three-phase modulated
Waves Upg, Vb, Ume- 1f the level k corresponding to the switching operation is 1 and 0 < vy,
Vb, Ume < k/h, the three phase modulated waves are equal to Myef. If kis not 1 and is
(k—=1)/h < | vya, Oy, Ome ! < k/h, OVa, Oy, Ume are equal to k/h. Finally, Sign(vima, Vs, Ome)
are input to the output voltage vy ). This flow chart simplifies the operation of the
semiconductors, but the PWM operation is not considered.

[ Start ]
Input yofs Vearr
Yes No
Calculate angle 0 &
No voltage magnitude V | an,mb,mc =2k/h | | vma,mb,mc =k/h |

|
l

| vo(n,b,c/ = Slgn(vma,mb,m(‘) |

Generate sine wave

Vma,mb,mc
Vo(abe) = Sign(vum,mb,mc)
Select k usin
7gk — [ Return ]
Return 0 < |vma,mb,mc‘ <= / h

(a) (b)

Figure 2. Comparison of switching operation flow charts. (a) Conventional model; (b) proposed model.

To consider the PWM operation, Figure 2b shows the flow chart of the proposed model
to improve the accuracy. For the proposed model, the procedure for selecting k is the same
as for the conventional model. In the next step, if vy, Uy, Uine are greater than or equal
to vearr(1/h + (k — 1)/h), Vg, Uy, Ume are equal to the 2k/h. If vya, Uy, Ume are less than
Vearr(1/h + (k — 1)/h), Upa, Ui, Umie are equal to the k/h. Finally, Sign(via,0pp,Ume) are input
to the output voltage v, 1, )- The added procedure of the proposed model includes PWM
operation of the detailed model so that the response characteristics of the electrical model
can be improved.
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4. Verification
4.1. Simulation Results

To verify the validity of proposed model (P), the simulation results of response charac-
teristics were derived comparing the detailed model (D) and the conventional model (C).

Figure 3 shows the comparison of dynamic characteristics at the initial startup of
EMDS. Compared to the detailed model, the conventional model is the phase u voltage
waveform of the inverter that PWM operation does not take account, but the proposed
model can confirm the same voltage waveform. For the response of the motor speed,
the conventional model has a large speed pulsation and a long pulsation period, but the
proposed model can confirm the same response characteristics. For the responses of the
three phase currents and the output torque, the conventional model has the different
responses from the large overshoots, but the proposed model shows the same response as
the detailed model.

When the rated load torque is applied 5.5 s after reaching the rated speed, Figure 4
shows the comparison of dynamic characteristics. Compared with the speed response of the
detailed model, the conventional model has a large first undershoot and a slow response.
The proposed model can confirm the same speed response as the detailed model. For the
responses of the three phase currents, the conventional model has different responses from
the pulsation of the current peak values, but the proposed model shows the same response
as the detailed model. For the output torque, the proposed model has the same response as
the detailed model except for the torque ripple.
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Figure 3. Cont.
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Figure 4. Comparison of dynamic characteristics at rated speed and rated load torque. (a) Phase u voltage; (b) Motor Speed;
(c) Phase u currents; (d) Output Torque.
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Figure 5 shows the fast Fourier transform (FFT) results of phase u current at rated
speed and rated load torque. In the conventional model, the 7th and 13th harmonics are
large, but the proposed model contains similar harmonics to the detailed model.

Il Detailed Harmonic Magnitude (A)

I Conventional order Detailed | Conventional | Proposed

I Proposed | 144.1 130.2 144.4
3 0.32 0.18 0.34
5 0.26 0.10 0.31
7 0.08 2.65 0.08
9 0.18 0.05 0.20
11 0.19 0.23 0.16
13 0.05 0.87 0.07

2 3 4 5 6 7 8 9 10 11 12 13 14

Harmonic order

Figure 5. FFT results of phase u current at rated speed and rated load torque.

Figure 6 shows the comparison of dynamic characteristics at deceleration and accel-
eration. Compared with the detailed model and the proposed model, the conventional
model has a difference in speed response, and has a different torque response due to the
harmonic content of the phase u current.
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Figure 7 shows the comparison of dynamic characteristics according to speed variation.
It can be seen that the power waveform of the conventional model differs from the detailed
model and the proposed model due to different speed and phase current responses. Table 3
shows the comparison of the peak current values for each point in Figure 7. It can be seen
that the peak current values of the proposed model are similar to that of the detailed model
than the conventional model. As a result, the proposed model has successfully improved
the accuracy of the conventional model.
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Figure 6. Comparison of dynamic characteristics at deceleration and acceleration. (a) Phase u voltage; (b) Motor speed;
(c) Phase u current; (d) Output torque.
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Table 3. Comparison of peak current values by points.

Point Detailed Conventional Proposed
1 274 A 371 A 277 A
2 205 A 167 A 203 A
3 193 A 218 A 250 A
4 207 A 171 A 205 A

Table 4 shows the comparison of the computation time according to the speed vari-
ation. The computational time of the proposed model is 7 s, which is the same as the
conventional model. As a result, the accuracy of proposed model is improved and the
same computational time is secured compared to the conventional model.

Table 4. Comparison of computational time according to speed variation.

Item Detailed Conventional Proposed

Computational time 73s 7s 7s

4.2. Experimental Results

Figure 8 shows the experimental setup for TACS as shown in Figure 1. The turbo air
compressor is designed based on the specifications in Table 1. The rated specifications of
induction motor are 1050 kW, 6600 V and 107.2 A. The topology of the multi-level inverter is
6600 V, 1500 KVA 11-level CHB using Insulated gate bipolar transistor (IGBT). To measure
the power consumption of TACS, voltage and current sensors were installed at the 3-phase
input terminals of the inverter and the power was calculated using a power meter.

_ ,«v = € =
\ .
3 Turbo air

. A}

Induction |

motor oy compressor
et

l Multi level
inverter

—~

Figure 8. Experimental setup for TACS.

The test was performed by adjusting VSD and IGV under the same load conditions
(ACC, L1, L2, L3, L4, DE: Acceleration, 100%, 98%, 96%, 10%, Deceleration) as the simula-
tion. Figure 9 shows powers comparison of the experimental result, conventional model
and proposed model. In ACC, the values of the first power overshoot are 304 kW, 463 kW,
and 356 kW. In L1, the average values of the powers are 105 kW, 82 kW, and 104 kW. The
reason for the difference in values is the result according to whether or not PWM operation
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is applied, such as the phase current of point 4 in Figure 7. Compared with the conventional
model, the differences in power values of the proposed model are reduced to 107 kW and
22 kW, respectively. In Figure 7b, the power ripple of the conventional model is larger than
the experimental result as shown in the FFT result in Figure 5. The proposed model has
reduced power ripple compared to the previous model. As a result, the accuracy of the
proposed model was improved compared with the conventional model.

200 ————7——7F——7 77— 7 71— ROO——————F———7——T1 71—
Experimental ]

L1 ACC L2 L3 L4 DE L1 ACC L2 L3 L4 DE
1000 | IR ) re e rar - 1000 -

T T T
Conventional model |

- < e e e rar -

800 800

600 600

Power (kW)
Power (kW)

400 400

200 200

0 1 1 1 1 1 1 1 1 n 0
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Time (s) Time (s)
(a) (b)
1200 LA I R A LA A |

T T T

Proposed model |
LI ACC L2 L3 L4 DE
1000 g = = e rar .

800

600

Power (kW)

400

200

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

(©

Figure 9. Powers comparison. (a) Experimental; (b) Conventional model; (c) Proposed model.

In Table 5, compared with the kilowatt hour of the experimental result, the error rates
of the conventional model and the proposed model are 2.1% and 0.4%, respectively. The
computational time is 14 min for both the conventional model and the proposed model.
The effectiveness of the proposed model to reduce the computational time and improve
the accuracy was verified.

Table 5. Comparison of kilowatt hours and computational times.

Item Experimental Conventional Proposed

Kilowatt hour 767.7 kWh 751.3 kWh 764.5 kWh
Computational time 30 min 14 min 14 min
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5. Conclusions

An accurate dynamic simulation of TACS consisting of the mechanical model and
the electrical model requires a very long calculation time due to the PWM operation of
numerous power semiconductor models inside the multi-level inverter of TACS. To solve
this problem, the conventional model simplified the switching operation of the power
semiconductors of the multi-level inverter to shorten the computational time, however there
was a problem with low accuracy of response characteristics because the PWM operation
was not considered. The proposed modeling approach with PWM operation may be
successfully applied in TACS simulation. The procedure of model implementation is simple
and has accurate response characteristics. In addition, since the same fast computational
time as the conventional model is secured, it will be effective in selecting control variables
to ensure TACS stability and analyzing the energy savings of the system. The accuracy
obtained enables using the proposed modeling approach as a useful tool dedicated to the
evaluation of the combination control with VSD and IGV.
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