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Induction motor drive systems fed with cables are widely used in many 

industrial and agricultural applications. Accurate prediction of motor terminal 
overvoltage, caused by impedance mismatch between the long cable and the motor, 
plays an important role for motor dielectric insulation and optimal design of dv/dt 
filters. In this paper, modeling methodology for the investigation of long-cable-fed 
induction motor drive overvoltage is proposed. An improved high-frequency motor 
equivalent circuit model is developed to represent the motor high-frequency behavior 
for the time- and frequency-domain analyses. A high-frequency cable model based on 
improved high-order multiple- sections is proposed. The proposed methodology is 
verified on an experimental 2.2kW ABB motor drive benchmark system. The motor 
overvoltage transients predicted by the proposed model is in excellent agreement 
with the experimental results. 

High-frequency modeling, induction motor drives, long cable, overvoltage 
transients. 

 
Adjustable speed drives are undergoing significant changes with the successful 

application of novel power semiconductor devices. The rise and fall switching times 
of newer devices have been decreasing in order to reduce switching losses and 
increase the overall efficiency. However, very fast switching times coupled with the 
long cables can cause voltage reflection at the motor terminals due to cable-motor 
surge impedance mismatch [1]–[2]. In some cases, the motor terminal overvoltage 
can reach two times of the dc bus voltage [3]–[4], which may seriously harm the 
motors’ dielectric insulation leading to subsequent failures [5]–[6]. Therefore, 
accurate modeling of the cable-fed motor-drive systems in the high-frequency range 
is crucial for predicting the motor terminal overvoltage and designing mitigation 
filters [7]–[10].  

A typical system composed of a motor-drive feeding an induction machine 
through a cable is shown in Fig. 1. In order to facilitate the high frequency cable and 
motor modeling and characterization, two modes of operations, common mode (CM) 
and differential mode (DM) [11] are usually considered. The CM is formed as a two-
port network between the parallel-connected three phases and ground wire. The DM 
is regarded as a two-port network between two parallel-connected phases and the 
third phase of the cable motor system. 

Numerous high-frequency motor models have been proposed in the literature 
for overvoltage and electro-magnetic interference (EMI) analysis [12–18]. In [17], an 
efficient high frequency motor model is proposed for the studies of both DM and CM 
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behaviors in time- and frequency-domain. In [18], a universal induction machine 
model with low-to-high frequency-response characteristics is proposed.  

 
Fig. 1. Typical motor-drive system with connecting cable 

 
This model is quite sophisticated as the DM, CM and bearing models are all 

integrated into one three-phase motor equivalent circuit. Modeling of long cables for 
analysis of motor voltage reflection phenomena has been studied as well [7, 8, 9], [19 
–23]. Various cable models were proposed including conventional multiple- section 
model with 2nd-order per-section [7, 8], lossless [9], [19], lossy [20, 21, 22], and 
frequency-dependent [15], [23] transmission line models. This paper presents an 
improved motor model [24] that captures the high-frequency DM and CM impedance 
characteristics, as well as the cable model which includes both the skin and proximity 
effects and the dielectric losses for the high frequency range. 

High-Frequency Induction Motor Modeling: Accurate modeling of induction 
motors in high-frequency range plays an important role in overvoltage and EMI 
problems [12–18]. The high-frequency motor model used in this paper is based on 
per-phase equivalent circuit proposed in [17]. The circuit diagram of the motor per-
phase high-frequency model is illustrated in Fig. 2 (a). This circuit provides relatively 
simple model structure. However, the parameters adR  and adC  in Fig. 2 (a) are very 
difficult to express using analytical formulas [17]. Instead, trials and adjustments of 

adR  and adC  are usually required with the help of frequency-domain simulations to 
achieve satisfactory results [17]. In this paper, an improved high-frequency model is 
proposed as shown in Fig. 2 (b). The proposed circuit uses similar model structure 
and parameterization procedure as in [17]. However, a series tR , tL  and tC  branch is 
introduced (see Fig. 2 (b)) to replace the adR  and adC  branch (see Fig. 2 (a)) without 
sacrificing model accuracy [24]. Since this new series branch has its own resonance, 
analytical calculation of parameters tR , tL  and tC  can be carried out in a more 
straightforward way from the measured impedances [24]. 

The equivalent-circuit depicted in Fig. 2(b) and its parameters also have 
physical meaning and significance. In particular, 1gR  and 1gC  represent the parasitic 
resistance and capacitance between the stator winding and the motor frame; 2gR  and 

2gC  represent the parasitic resistance and capacitance between the stator neutral and 
motor frame; dL  represents the stator winding leakage inductance; Re represents the 
high-frequency iron loss of the stator winding; tL  and tC  are introduced to capture 
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the second resonance in the motor impedance characteristic, which may be caused by 
the skin effect and inter-turn capacitance of the stator windings.  

The overall equivalent-circuit model is identified through the DM and CM 
impedance characteristics of the motor measured in frequency-domain. The detailed 
DM and CM measurements setup and test procedures have been well documented in 
the literature, e.g., [17]. The detailed derivations for the branch parameters are not 
included here due to limited space, whereas interested reader can find more 
background information in [13], [15], and [24].  

Based on the per-phase equivalent circuit Fig. 2 (b), the combined DM motor 
equivalent circuit is shown in Fig. 3 (a). The high-frequency CM motor equivalent 
circuit is built by connecting all three phases in parallel. Based on per-phase 
equivalent circuits of Fig. 2 (b), the resulting CM motor equivalent circuit from phase 
to ground is shown in Fig. 3 (b).  The corresponding parameters are summarized in 
Table I. 

 
Fig. 2. High frequency per-phase motor equivalent-circuits: (a) model defined in 

[17]; and (b) proposed model 

     
                       (a)       (b) 

Fig. 3. High-frequency equivalent circuit motor model: (a) for DM 
assuming phases B and C are connected in parallel; and (b) for CM between the 

three connected phases and ground 
 

High-Frequency Cable Modeling: Accurate modeling of power cable is also 
essential for predicting motor terminal overvoltage. Since the overvoltage transient at 
the motor end may contain oscillations in wide range of frequencies from several 
hundred Hz to several MHz depending on the cable characteristic and length, the 
cable model should also include the frequency-dependent phenomena such as skin 
and proximity effects, dielectric losses, etc. The available methods for modeling 
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cables at this level and extracting parameters include Finite Element Analysis (FEA) 
[22] or direct impedance measurement [15], [25] in frequency domain using precision 
impedance analyzers. In this paper, the same impedance analyzer was also used to 
characterize the cable.  

The short circuit (SC) and open circuit (OC) tests in differential mode [22], 
[25] have been performed upon which the cable parameters were calculated. The 
resulting per-section equivalent circuit is just a conventional 2nd-order per-section 
cable model shown in Fig. 4 (a) [7], [8]. The advantage of equivalent circuit of Fig. 4 
(a) is of course its simplicity. The parameters for this circuit are typically identified at 
the resonant frequency of motor terminal overvoltage. However, the resonant 
frequency itself will also depend on the cable length and may be difficult to predict 
with good accuracy. An improved cable model was proposed in [15], which can 
represent the dielectric losses using a higher-order parallel branch as shown in Fig. 4 
(b). Further improvements are proposed in this paper in order to include the skin and 
proximity effects. Such effects are not taken into account with the use of first-order 
series branch. Therefore, a high-order model is proposed in Fig. 4 (c). This section 
model combines the parallel branches as proposed in [15] and utilizes higher-order 
series braches to represent skin and proximity effects. Overall, one additional 
inductor and capacitor are utilized in the per-section model compared with the classic 
2nd-order constant parameter cable model. To identify the parameters of the circuit of 
Fig. 4 (c), the circuit response is considered in the low- and high-frequency ranges, 
respectively [24].  

 

 
Fig. 4. Per-section DM cable models: (a) conventional; (b) improved model 

[15]; and (c) proposed model 
 

Experimental Verification: To validate the methodology described in this 
paper, the experimental tests with long-cable-fed motor drive system have been 
carried out and are presented in this section. The drive system is ABB 2.2 kW ACS50 
type with switching frequency of 16 kHz. The rise and fall times of IGBT switches 
are on the order of 190μs. The power cable is an unshielded, PVC insulated, 4-core 
cable with the conductor area of 1.5 mm2. The same 4-pole, 2.2 kW, ABB (model 
number: M2AA100LA) induction machine was used in all tests.  

In order to demonstrate the importance of including frequency-dependent 
effects in cable modeling, two conventional models and the proposed model are have 
been considered. All considered models use multi- sections equivalent circuits to 
approximate the distributed-parameter effects, wherein the length of each cable-
section is assumed to be 0.1m. The conventional models use 2nd-order per-section 
equivalent circuit shown in Fig. 4 (a) with parameters Rs, Ls, Rp and Cp measured at 
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low- high-frequency (1 kHz, Conventional model 1) and high-frequency (0.4 MHz, 
Conventional model 2), respectively. For consistency, the corresponding parameters 
are summarized in Table III. The proposed 4th-order per-section cable model has also 
been used. The model parameters were identified according to the experimental 
procedure described in [24] and results are summarized in Table II.  

To demonstrate the overvoltage phenomena on the considered motor-drive 
system with a 100m cable, the measured line-to-line voltages at the inverter side and 
the motor terminal are shown in Fig.  5. As can be seen in this figure, the rectangular 
pulses generated by the inverter switching produce oscillatory transient and 
significant overvoltage at the motor terminal. A fragment of Fig.  5 has been 
magnified and superimposed with the simulated responses produced by the proposed 
and conventional models as depicted in Fig.  6 (a) and (b), respectively. As can be 
seen in Fig. 6 (a), the proposed model predicts more accurately both the waveform 
and the damping than either of the conventional models in Fig. 6 (b). The models are 
further compared to the experimental results for the 70m and 120m cables, as shown 
in Fig.  7 and Fig.  8, respectively. It is observed in Figs. 6 (b), 7 (b), and 8 (b) that 
the conventional models 1 and 2 either over- or under-estimate the overvoltage peaks. 
Also, since the attenuation and distortion effect due to frequency-dependence are not 
represented, the shape of the overvoltages predicted by models 1 and 2 are also more 
square-like. The overall damping of the overvoltage transient predicted by the model 
1 is also much longer compared with model 2. This also clearly shows that using the 
2nd-order section-model with either low- or high-frequency parameters (see Table III) 
is not adequate to cover the spectrum of the overvoltage phenomena. At the same 
time, the proposed model demonstrates good results in predicting the overvoltage 
peaks, shape, as well as damping as can be clearly seen in Figs. 6(a) – 8(a). 

 
Fig. 5. Measured voltage waveforms at the inverter and motor terminals for 

100m cable 
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Fig. 6. Measured voltage waveforms at the motor terminals for 100m cable: (a) 

proposed model; (b) conventional model 1 and 2 

 
Fig. 7. Measured voltage waveforms at the motor terminals for 70m cable: (a) 

proposed model (b) conventional models 1 and 2 
 

 
Fig. 8. Measured voltage waveforms at the motor terminals for 120m cable: (a) 

proposed model (b) conventional model 1 and 2 
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Conclusions 
This paper has proposed a high-frequency modeling methodology for the long-

cable-fed motor drive system to predict the overvoltage transients. An improved 
high-frequency motor model was proposed which accurately represents the high-
frequency DM and CM impedance characteristics from hundreds of Hz to tens of 
MHz. A frequency-dependent cable model is developed which includes the skin- and 
proximity-effects as well as dielectric losses. The model parameters are easily 
identified from the measured DM impedance characteristics in a wide frequency 
range from hundred Hz to ten MHz. The proposed methodology is verified 
experimentally as well as compared against two conventional modeling techniques. It 
is shown that the proposed model represents an appreciable improvement in 
predicting the long-cable-fed motor drive overvoltage transients. 
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Table I High frequency motor parameters 
Parameter Value Parameter Value 

Rg1 10.57  Cg1 462 pF 
Rg2 42.94  Cg2 422 pF 
Rt 2.9 k Ct 147 pF 
Re 8.11 k Lt 43.2 mH 
Lzu 411 nH Ld 17.2 mH 

 
 

Table II The proposed model cable per-meter parameters 
Parameter Value Parameter Value 

Rs1 21 m Ls1 451.8 nH 
Rs2 271.2 m Ls2 89.32 nH 
Rp1 22 M Cp1 79.6 pF 
Rp2 100 k Cp2 34.11 pF 

 
Table III Conventional cable model per-meter parameters 

A) At 1kHz 
Parameter Value Parameter Value 

Rs 21 m Ls 580 nH 
Rp 16.9 M Cp 114.6 pF 

 

B) At 0.4MHz 
Parameter Value Parameter Value 

Rs 120 m Ls 530 nH 
Rp 66.2 k Cp 80.9 pF 

 

 


