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Abstract—This paper demonstrates a new estimator to resolve
the average power consumption of a variable-speed drive (VSD)
from other constant power loads using a spectral estimation
method and a switching function technique for nonintrusive load
monitoring (NILM) applications. The estimator uses the rectifier
switching function to create adaptive estimating functions for
the fundamental power from a finite set of current harmonics
generated by the VSD. Experimental results show that the
proposed VSD power estimator can significantly improve NILM’s
ability to resolve the VSD power consumption under small input
voltage variation.

Index Terms—nonintrusive load monitoring, rectifier, spectral
estimation, switching function, variable-speed drive (VSD).

I. INTRODUCTION

A nonintrusive load monitoring (NILM) system has been

developed to detect and track operating conditions and power

consumptions of multiple loads from a central location using

line current harmonic signatures or spectral envelopes [1]–

[5]. The ability to identify and extract load usage information

can be useful for scheduling load operation, for optimizing

energy consumption, and for detecting various faults. For a

constant power load, the identification is accomplished by

matching the behavior of spectral envelopes during a transient

event and a steady-state operation [1], [4]. On the other hand,

a variable power electronic load such as a variable-speed

drive (VSD) would confound the pattern matching algorithm

because its power consumption does not have unique steady-

state patterns; therefore, different method is required to resolve

power consumption of a variable power load from other

constant power loads.

VSDs are commonly used in fans and industrial machines

for controllability and optimal energy consumption. A typtical

VSD system is generally comprised of a rectifier, a dc-bus

link, an inverter, and an induction motor as shown in Fig.

1. The rectifier front-end usually draws current that is rich

in harmonic content and these line current harmonics can be

calculated numerically or analytically given system parameters

[6]–[9]. An empirically-based VSD mean power estimator has

been developed using a correlation function between the real

power and the current harmonic powers [4]. However, the

correlation function could change about 5 − 10% from the

Va

Vb

Vc

rectifier dc-link inverter

3φ Motor

Fig. 1. Typical 3-phase VSD system block diagram

based case during experiments [3]. One possible source of the

deviation is input voltage variation because it affects relative

amount of line current harmonics produced by the rectifier [9].

To minimize the estimation error, this paper adapts a switch-

ing function method to include the input voltage variation

in the estimation. Given system parameters, the switching

function method can be used to relate rectified current harmon-

ics to ac-side current harmonics in the harmonic analysis of

power converters [10], [11]. Although some system parameters

are usually unknown in NILM applications, certain switching

functions can be used to create estimating functions for the

line-side fundamental current harmonic from other line-side

current harmonics.

This paper proposes the switching-function-based power

estimator that can resolve power consumption of VSDs among

other constant power loads from the aggregate measurement

under different input voltage conditions. The paper is orga-

nized as followed. First, the NILM system and the empirically-

based VSD mean power estimator are briefly explained in

section II. Section III introduces a general VSD model. A

brief summary of the switching function method is covered in

section IV. The switching-function-based estimator is derived

in section V. Experimental results are shown in section VI.

Finally, the proposed estimator is summarized in section VII.

II. BACKGROUND

A NILM system monitors multiple loads from a central

observation point and extracts information of individual load

from current and voltage waveforms. The system block di-

agram is shown in Fig. 2. Sampled current waveforms are

used to compute spectral envelopes or short-time Fourier series

coefficients for in-phase and quadrature components of the kth

current harmonic denoted by Ipk(t) and Iqk(t) respectively.
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Coefficients Ipk(t) and Iqk(t) can be computed by

Ipk(t) =
2

T

t∫
t−T

i(τ ) sin

(
2πk

T
τ

)
dτ, (1)

and

Iqk(t) = −
2

T

t∫
t−T

i(τ ) cos

(
2πk

T
τ

)
dτ, (2)

where the variable T is a fundamental time period [1], [5].

The fundamental real and reactive powers can be computed

by

P1(t) =
1

2
V1Ip1(t) (3)

and

Q1(t) =
1

2
V1Iq1(t), (4)

respectively, where V1 is the magnitude of the fundamental

input voltage. In the case of higher current harmonics, current

harmonic power quantities are defined as Pk(t) = 1

2
V1Ipk(t)

and Qk(t) = 1

2
V1Iqk(t) [4]. These time-varying coefficients

are used to detect possible load events by the change of

mean method and to match incoming transient and steady-

state signals against stored templates in the library [1], [4].

Because of the time-varying nature of the VSD power

consumption, the VSD signal content must be removed from

the aggregate measurement and the residual signal can be

disaggregated using pattern recognition algorithm for constant

power loads. Assuming that certain harmonics are uniquely

generated by the VSD, these harmonics can be used to estimate

the fundamental current harmonic and powers consumed by

the VSD from aggregate measurement as proposed in [4].

This paper proposes the switching-function-based VSD

power estimator that can adapt estimating functions according

to the input voltage as shown in Fig. 3. The proposed estimator
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Fig. 3. Switching-function-based VSD power estimator

uses input voltage to approximate a feasible switching function

and to create estimating functions for the fundamental current

harmonic consumed by the VSD from a finite set of higher

harmonics. Finally, the estimator computes the fundamental

real and reactive powers consumed by the VSD using (3) and

(4) respectively. Algorithm details are shown in next sections.

III. VSD MODEL

A simple circuit topology that represents a VSD system is

shown in Fig. 4 [9]. Three-phase input voltage is converted

Va Vb Vc

Ia

Ib

Ic Ls

Ls

Ls

Rs

Rs

Rs

Ldc

Idc

C Iload

Fig. 4. Typical VSD circuit topology for a voltage-source-inverter type

to dc voltage through an uncontrolled rectifier. A dc-bus

capacitor holds the bus voltage for the inverter to generate

drive voltage for an induction motor. An optional dc-bus

inductor can be installed to filter high frequency harmonics.

The inverter is normally operated at a frequency that is much

higher than the line frequency. The inverter current seen

by the dc-bus capacitor contains both a dc component and

high frequency harmonics. However, high frequency current

harmonics generated by the inverter are negligible from the ac-

side observation [7]. Furthermore, simulation results show that

a constant current source Iload provides a good representation

of an inverter and motor combination for the harmonic analysis

in simulations [9].

Typical line current consumed by a VSD exhibits two

separate peaks during each half of a line voltage cycle as

shown in Fig. 5. In this case, the system is operated in

discontinuous current mode (DCM). In frequency domain, the

VSD current is mainly consisted of odd harmonics such as

fundamental, fifth, seventh, eleventh, and thirteenth harmonics.

Assuming these odd harmonics are unique to the VSD; as a
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Fig. 5. Typical VSD line current with reference input voltage

result, the estimator can use higher-order odd harmonics to

characterize and estimate the fundamental consumed by the

VSD from the aggregate measurement.

IV. SWITCHING FUNCTION

This section uses the switching function technique to briefly

explain the consumption of line current harmonics by the VSD

operation. Let phase-A line-to-neutral voltage, Van = V1 sin θ,

be a reference, where θ is an electrical angle and V1 is the

magnitude of the fundamental voltage. During each voltage

cycle, the observed line current on phase-A, Ia, is the result of

the modulation of the dc-side current , Idc, by the correspond-

ing switching function, Sa. The switching function represents

on/off times of rectifier’s switches. Assuming the dc average

of the line current is negligible, phase-A line current is given

by

Ia =SaIdc. (5)

In general, an arbitrary switching function can be represented

by Fourier series as

Sa =S0 +
∑
n

Spn sinnθ − Sqn cosnθ, (6)

where the variable n is the harmonic number, the variable S0

is the average value, and variables Spn and Sqn represent the

in-phase and quadrature components of the nth harmonic of

the switching function, respectively.

Similarly, the dc-side or rectified current can be represented

by another Fourier series as

Idc = Idc
0

+
∑
m

Idc
pm cos mθ + Idc

qm sinmθ, (7)

where the variable m is the harmonic number, the variable Idc
0

is the average current behind the rectifier, and variables Idc
pm

and Idc
qm represent the in-phase and quadrature components of

the mth harmonic of the dc-side current, respectively.

The modulation process yields phase-A line current, which

can be represented by another Fourier series as

Ia = I0 +
∑

k

Ipk sin kθ − Iqk cos kθ, (8)

where the variable k represents a harmonic number, the

variable I0 is the average line current, and variables Ipk and

Iqk are the in-phase and quadrature components of the line-

side kth current harmonic, respectively.

Alternatively, each Fourier series coefficient of the phase

current can be written in terms of a weighted sum of the dc-

side Fourier series coefficients by substituting (6) and (7) in

(5). Mathematically, Fourier series coefficients I0, Ipk, and Iqk

are given by

I0 =Wp0I
dc
p + Wq0I

dc
q , (9)

Ipk =WA
pkIdc

p + WA
qkIdc

q , (10)

and

Iqk = WB
pkIdc

p + WB
qkIdc

q . (11)

The column vector Idc
p represents the dc and in-phase compo-

nents of dc-side harmonics,

Idc
p =

[
Idc
0

Idc
p1

Idc
p2

Idc
p3

...
]T

,

and a column vector Idc
p represent quadrature components of

dc-side harmonics,

Idc
q =

[
Idc
q1 Idc

q2 Idc
q3 ...

]T
.

Row vectors Wp0, Wq0, W
A
pk, WA

qk, WB
pk, and WB

qk contain

weighting coefficients that relate dc-side harmonics to ac-

side harmonics. These weighting coefficients can be easily

computed from switching function coefficients, S0, Spn, and

Sqn. Once both switching function and dc-side harmonics are

known, all VSD line-side harmonics can be computed using

(9), (10), and (11). Although the exact switching function

and dc-side harmonics are not observable in practice, few

approximation steps are introduced in the next section to

simplify the system, to estimate both switching function and

dc-side harmonics, and to derive the proposed VSD power

estimator.

V. ESTIMATOR DERIVATION

This section fully explains the derivation of the proposed

estimator based by dividing the problem into two parts: the

estimation of switching function estimation and the estimation

of dc-side current harmonics. First, the paper shows how to

approximate the switching function in the actual environment

and how to select the switching function that can simplify

the estimation problem. The estimation of dc-side current

harmonics can be done by imposing few constraints on the

system. In this paper, the following conditions are assumed:

• the rectifier front-end is operated in discontinuous current

mode (DCM),

• a diode behaves like an ideal switch, and

• harmonics used in the estimator are uniquely consumed

by the VSD.
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A. Switching Function Approximation

There are two main issues in the estimation of the switching

function. First, the exact switching function is not observable

in practice. Next, the approximate switching function should

provide insights and advantages to derive the proposed VSD

power estimator.

The actual switching function is defined by switching in-

stants of the diode bridge. In DCM, the switching function

can be thought as a window that the input voltage transfers

energy to the dc-bus capacitor and the inverter. Therefore, an

alternative switching window can be any rectangular window

that contains appropriate current pulses for the corresponding

line current. For example, under balanced three-phase input

voltage without line-side reactance, the diode bridge would

switch six times per voltage cycle at θ = π
6

+ lπ
3

, where

l = 0, 1, 2, 3, 4, and5. These switching patterns correspond to

an ideal switching function that can be used in the estimation

theoretically. In general, the input voltage may be unbalanced

or distorted because of the line-side reactance. In this case,

the ideal switching function may not be the valid choice. The

better alternative is the shifted ideal switching function, which

is given by

Sa =


1 for α ≤ θ ≤ α + 2π

3
, (12a)

−1 for α + π ≤ θ ≤ α + 5π
3

, (12b)

0 otherwise, (12c)

where the angle α is the minimum angle that allow the shifted

ideal switching function to contain all four pulses for phase-A.

An example of the approximate switching function is shown

in Fig. 6. Fourier series coefficients Spn and Sqn of the
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Fig. 6. Approximate switching function

approximate switching function in (12) are given by

Spn = −
4

nπ
sin

nπ

2
sin

nπ

3
cos n(

5π

6
+ α), (13)

and

Sqn = −
4

nπ
sin

nπ

2
sin

nπ

3
sin n(

5π

6
+ α). (14)

In this case, weighting coefficients matrices WA
pk , WA

qk ,

WB
pk , and WB

qk contain lots of zero coefficients. For example,

the weighting coefficients matrix for the fundamental current

harmonic WA
p1 is given by

WA
p1

= [WA
p1

[0], 0, WA
p1

[2], 0, WA
p1

[4], 0, ...].

Furthermore, all line-side triplen harmonics only depend

on dc-side even harmonics that are not multiple of six. For

example, the weighting vector for the third harmonic WA
p3 is

given by

WA
p3

= [0, 0, WA
p3

[2], 0, WA
p3

[4], 0, 0, 0,WA
p3

[8], ...].

Finally, the magnitude of weighting coefficients in matrices

WA
pk , WA

qk , WB
pk , and WB

qk are small for m � k and m � k,

where m corresponds to the dc-side harmonic number and k

represent the ac-side harmonic number. These characteristics

of weighting coefficients simplify the system significantly if

the shifted ideal switching function can be applied.

B. Harmonic Approximation

This section presents the derivation of the switching-

function-based VSD power estimator for the system under

different constraints.

1) Balanced Case: In the case of balanced input voltage,

the dc-side current contains six identical pulses per one voltage

cycle in steady-state. As a result, the dc-side current contains

only the dc component and harmonics that are multiple of

six. Examples of current and related voltage waveforms in

the balanced case are shown in Fig. 7. In this case, harmonic
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Fig. 7. Examples of current and voltage waveforms in the balanced case.

vectors Idc
p and Idc

q can be reduced to [Idc
0

, Idc
p6

, Idc
p12

, ...]T and

[Idc
q6 , Idc

q12
, Idc

q18
, ...]T respectively.

According to the simulation, dc-side high frequency har-

monics can be ignored because of two reasons. First, high

frequency harmonics are mainly absorbed by the dc-bus filter.

In addition, for low-ordered ac-side harmonic, the weight-

ing coefficients for high dc-side harmonics are relatively

smaller. Consequently, the harmonic vectors Idc
p and Idc

q can

be divided into two parts: main and residual harmonics.

Main harmonics include the first M entries of dc-side har-

monic vectors represented by IdcM
p =

Mterms︷ ︸︸ ︷
[Idc

0 , Idc
p6 , I

dc
p12, ...] and
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IdcM
q =

Mterms︷ ︸︸ ︷
[Idc

q6 , Idc
q12, I

dc
q18, ...] . Residual harmonics include all

other higher harmonics represented by ∆IdcM
p and ∆IdcM

q .

In this case, the ac-side fundamental harmonic components

can be approximated as

[
Ip1

Iq1

]
≈

[
WAM

p1 WAM
q1

WBM
p1 WBM

q1

][
IdcM
p

IdcM
q

]
, (15)

where matrices WAM
p1 , WAM

q1 , WBM
p1 , and WBM

q1 contain

weighting coefficients for the fundamental harmonic of the

simplified system.

Similarly, ac-side higher current harmonics consumed by

the VSD can be expressed as[
Ip−vsd

Iq−vsd

]
≈

[
WAM

p−vsd WAM
q−vsd

WBM
p−vsd WBM

q−vsd

] [
IdcM
p

IdcM
q

]
, (16)

where the vector Ip−vsd =

M terms︷ ︸︸ ︷
[Ip5, Ip7, Ip11, ...] representing

the ac-side, in-phase components uniquely consumed by the

VSD, and the vector Iq−vsd =

M terms︷ ︸︸ ︷
[Iq5, Iq7, Iq11, ...] representing

the ac-side, quadrature components uniquely consumed by

the VSD. Matrices WAM
p−vsd, WAM

q−vsd, WBM
p−vsd, and WBM

q−vsd

contain corresponding weighting coefficients for the VSD

higher current harmonics. Let

WM
1 =

[
WAM

p1 WAM
q1

WBM
p1

WBM
q1

]
(17)

and

WM
vsd =

[
WAM

p−vsd WAM
q−vsd

WBM
p−vsd WBM

q−vsd

]
, (18)

the estimated fundamental harmonic components consumed

by the VSD are given by[
Îp1

Îq1

]
= T1

[
Ip−vsd

Iq−vsd

]
, (19)

where T1 = WM
1 (WM

vsd)
−1

.

Because the matrix WM
vsd depends on the shifted angle α, it

is possible that the matrix could be come close to singular or

poorly conditioned. However, these conditions can be tested

off-line and the problem can be mitigated by reducing the

dimension of the matrix WM
vsd.

2) General Case: In the actual VSD application, the input

voltage may be slightly unbalanced or distorted and the system

may never reach steady-state. In this case, all six current pulses

may be different and the dc-side current would include all

harmonics as shown in Fig. 8. In this case, additional ac-

side harmonics are required to accurately estimate dc-side

harmonics. Using the approximate switching function, triplen

harmonics can be used to estimate additional even dc-side

harmonics.
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Fig. 8. Examples of current and voltages waveforms and relative magnitude
of dc-side harmonics in a general case

Let Idcx
p = [Idc

p2 , I
dc
p4, I

dc
p8 , I

dc
p10]

T
be additional dc-side

harmonics to be considered and other even harmonics are

represented by ∆Idcx
p = [Idc

p14
, Idc

p16
, Idc

p20
, ...]

T
. Additional ac-

side harmonics used in the estimation are included in the

vector Ip−x = [Ip3, Ip9]
T

. Similar vectors can be written

for quadrature components, Idcx
q = [Idc

q2 , Idc
q4 , Idc

q8 , Idc
q10]

T
,

∆Idcx
q = [Idc

q14
, Idc

q16
, Idc

q20
, ...]

T
, and Iq−x = [Iq3, Iq9]

T
.

Additional dc-side harmonics change (15) and (16) to[
Ip1

Iq1

]
≈WM

1

[
IdcM
p

IdcM
q

]
+ W x

1

[
Idcx
p

Idcx
q

]
, (20)

and[
Ip−vsd

Iq−vsd

]
≈WM

vsd

[
IdcM
p

IdcM
q

]
+ W x

vsd

[
Idcx
p

Idcx
q

]
. (21)

Similar equation can be written for triplen harmonics as[
Ip−x

Iq−x

]
≈W x

x

[
Idcx
p

Idcx
q

]
. (22)

Matrices W x
1 , W x

vsd, and W x
x contain weighting coefficients

for the ac-side harmonics. The estimation error in the aug-

mented system using the estimator derived in the balanced

case is given by[
ep1

eq1

]
=(∆WM

1 − T1∆WM
vsd)

[
∆IdcM

p

∆IdcM
q

]

+ (W x
1 − T1W

x
vsd)

[
Idcx
p

Idcx
q

]

+ (∆W x
1 − T1∆W x

vsd)

[
∆Idcx

p

∆Idcx
q

]
. (23)

Additional harmonics can be used to minimize the second

error term, (W x
1
−T1W

x
vsd)[I

dcx
p , Idcx

q ]
T

. The error correction

factor is given as

T1x =
(
(W x

x (W x
x )T )

−1

(W x
x (W x

1 − T1W
x
vsd)

T
)
)T

. (24)
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The final estimating function is given by[
Îp1

Îq1

]
= T1

[
Ip−vsd

Iq−vsd

]
+ T1x

[
Ip−x

Iq−x

]
. (25)

Additional harmonics can be used to increase the accuracy

of the estimator without affecting the underlying algorithm.

In addition, the algorithm does not require prior knowledge of

system parameters and operations. As a result, the estimating

functions can be pre-computed and stored in a look-up table

to avoid computationally intensive operations such as a matrix

inversion routine.

VI. RESULTS AND DISCUSSION

This section summarizes experimental results that demon-

strate the ability of the switching-function-based VSD power

estimator to resolve power consumption of VSD and recti-

fier loads from other constant power loads. In addition, the

estimation results were compared with the empirically-based

estimator to compare the improvement.

The experimental setup is consisted of a controllable three-

phase voltage source and three electronic loads: a VSD system

connected to a dynamometer , a 200-W three-phase rectifier

load, and a 50-W light bulb, connected between phase-A and

neutral. The experimental setup is shown in Fig. 9.

Ia

Ib

Ic

Ia−vsd

Ib−vsd

Ic−vsd

Ia−light

Ic−rect

Ib−rect

Ia−rect

Va Vb Vc

light

3φ motor

Motor

load
VSD

rectifier load

Fig. 9. Experimental setup

For all experiments, the switching-function-based estimator

used three in-phase and three quadrature components of ac-

side harmonics, specifically, Ip−vsd = [Ip5, Ip7, Ip11]
T

and

Iq−vsd = [Iq5, Iq7, Iq11]
T

. In addition, the third and ninth

harmonics were used for the error correction factor, Ip−x =

[Ip3, Ip9]
T

and Iq−x = [Iq3, Iq9]
T

.

A. Balanced Input Voltage

First, the switching-function-based VSD power estimator

was tested under balanced input voltage case. This input

voltage was used to generate the correlation function for

the empirically-based estimator. The goal of this test is to

demonstrate the ability of the switching-function-based es-

timator to extract the power consumed by both the VSD

and rectifier from the 50-W light bulb during sequence of

load operations. Experimental results are shown in Fig. 10.

The experimental result in Fig. 10 clearly demonstrates that

the switching-function-based estimator can resolve the power
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Fig. 10. Resolving power consumption of VSD and rectifier loads from the
50-W light bulb using the switching-function-based estimator

consumption of VSD and rectifier successfully under balanced

input voltage. Small error can be noticed during the light bulb

start-up transient because the sharp transient contains higher

current harmonics that are used in the VSD estimator. As a

result, the assumption that all higher harmonics used in the

VSD estimator were exclusively generated by the VSD was

violated. More complex method may be applied to minimize

the estimation error during transient events of other loads.

On the other hand, the estimated light bulb power using the

empirically-based estimator is shown in Fig. 11. The result in
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Fig. 11. Estimated light bulb power after the empirically-based estimator has

removed powers of the VSD and the rectifier under balanced input voltage

Fig. 11 indicates that the empirically-based estimator produces

an error during the rectifier load operation because the rectifier
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load had not been characterized.

B. Distorted Input Voltage

To measure the performance of the proposed estimator

under input voltage variation, different levels of input voltage

distortion were imposed during the experiments to compare

performance between the empirically-based and the switching-

function-based estimators. In these tests, the VSD was running

with constant load and the input voltage was distorted by

different amounts of fifth or seventh harmonic in all three

phases. The performance is measured by the percentage error

of the estimated VSD real power consumption, specifically

%error = |Pvsd−P̂vsd|
Pvsd

× 100. Experimental results for the

fifth and seventh voltage harmonic distortion cases are shown

in Fig. 12 and 13 respectively.
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(b) Switching-function-based estimator

Fig. 12. Estimation error comparison between empirically-based estimator
and switching-function-based estimator under different levels of fifth voltage
harmonic distortion

Experimental results in Fig. 12 and 13 show that the

switching-function-based algorithm clearly outperform the

empirically-based algorithm across different types of input

voltage distortion and load levels.

According to test results, the switching-function-based es-

timator has demonstrated the ability to resolve power of

VSD and rectifier loads from a light bulb load with smaller

estimation error. The estimator can adapt to the input volt-

age distortion and give smaller estimation error than the

empirically-based estimator.

VII. CONCLUSION

This paper has demonstrated that the switching-function-

based VSD power estimator shows significant improvement

over the empirically-based estimator in resolving the VSD

power consumption under small input voltage variation with-

out complete knowledge of system parameters. The proposed
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Fig. 13. Estimation error comparison between empirically-based estimator
and switching-function-based estimator under different levels of seventh
voltage harmonic distortion

algorithm enables NILM to work for a larger set of loads.

Furthermore, the estimator also shows the ability to track

multiple VSDs and rectifier loads together as one rectifier load

without additional sensors. This switching function technique

could be applied to track other non-linear loads as well.
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