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Sensorless Load Angle Control for Energy Optimal

Sinusoidal Driven BLDC Motor Applications

Jasper De Viaene 1,2,3, David Ceulemans 2,3, Stijn Derammelaere 2,3, and Kurt Stockman 1,3

Abstract—Choosing sine-wave instead of square-wave shaped
currents to drive a brushless DC (BLDC) motor can increase
the energy-efficiency up to 9.5%. But unfortunately for sine-wave
setpoint current generation, the typical electronic or sensing low-
resolution commutation feedback techniques becomes unavail-
able. For broad industrial employability, other sensing techniques
such as computationally complex observers or signal injection
methods requiring access to the switching states of the power
electronics are not preferred. This raises the need to develop
a computationally sufficiently simple sensorless controller that
optimizes the energy efficiency. Therefore, the authors propose a
PID algorithm controlling the estimated load angle technique that
enables sinusoidal current supply without the need for position
feedback or user input. The aim is to implement a controller
for dynamic speed-varying BLDC motor applications, which
means that accurate speed trajectory tracking behaviour and
high robustness against load changes should be guaranteed. The
application-dependent PID-settings for setpoint and disturbance
rejection control are estimated during an initialization speed
trajectory based on only one stator winding current and volt-
age measurement. The proposed control algorithm is validated
through experimental measurements on a BLDC motor with a
nominal speed and power of 3000 rpm and 225 W respectively.

Index Terms—brushless dc motor, sensorless control, PID, load
angle, system identification, current wave-form

I. INTRODUCTION

Instead of using a mechanical commutator as in the conven-

tional brushed DC motor, Hall sensors embedded in Brushless

DC (BLDC) system enable electronic commutation [1]. This

makes it a maintenance-free motor because wear due to

mechanical friction between the brushes and the commutator,

together with electrical erosion, is avoided. On top of that, Hall

sensors are inexpensive [2]. Because of these reasons BLDC

motors are a suitable candidate for continuous operation appli-

cations [3], [4]. BLDC motors are widely found in commercial

compressors used in electric vehicles, refrigerators, turbines,

fans and pumps [5], [6]. They play a major role in the

development of drones in which the energy efficiency is crucial

because of the battery supply [7]. Energy efficiency and low

cost is especially essential in driving pumps, ventilators and

compressors like in white goods. Strict standardization of

the power consumption of white goods summarized in the

EU energy labelling stimulates companies to develop highly

efficient products [8].
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On the other hand, embedding the Hall sensors into the

stator is a complex process because any misalignment in these

Hall sensors with respect to the rotor magnets will generate

an error in determination of the rotor position and lead to a

lower energy efficiency [9]. A second disadvantage of Hall

sensors is their sensitivity to supply voltage peaks [10], which

can cause early failure of the Hall sensor and consequently

failure of the BLDC motor.

In addition, using Hall sensors detection methods to indicate

the commutation moments in BLDC systems enables only

square-wave current commutation [11]. However, the literature

proves that the torque generation and the overall efficiency

is not optimal when driving a BLDC motor with square-

wave currents [12], [13]. Several alternative current shape

excitation strategies have been developed to further improve

the torque generation and energy efficiency of BLDC motors.

Many of these algorithms inject current harmonics [12], [14].

These methods require knowledge of the back-EMF harmonic

content or motor construction parameters which complicates

the general employability.

Therefore, the authors propose a sensorless load angle con-

troller that enables sinusoidal current supply. Only feedback

of the load angle which quantifies the efficiency of the torque

generation is required. In [15], a load angle estimation method

applied to stepping motors is demonstrated. The estimation

algorithm only needs one current and one voltage measure-

ment to estimate the back-EMF and subsequently the load

angle. The estimation feedback is used to optimize the current

level of stepping motors [16]. After these promising results,

the load angle estimation and control method are applied to

BLDC systems to enable sinusoidal current commutation [17].

Measurements in [17] show an energy saving potential up

to 9.5% when the BLDC motor is driven with sinusoidal

instead of square-wave shaped currents. With a view to final

implementation, the first steps have already been taken for the

design-space exploration process for the proposed advanced

control technique and its optimal deployment on embedded

hardware [18]. However, one missing link still needs to

be tackled to arrive at a deployable energy optimal control

technology for BLDC motors. Here, in this paper, the aim is to

implement a load angle controller for dynamic speed-varying

BLDC motor applications, which means that accurate speed

trajectory tracking behaviour and high robustness against load

changes are given priority.

• The proposed speed control method differs from typical

cascaded control as the speed, and current controller are

strictly separated. The advantage of this method is that

the rotor speed is purely imposed by the current vector
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rotational speed which is set by the user, and therefore no

speed controller nor position (Hall, encoder, ..) and speed

(tacho) sensors are required. The closed-loop load angle

PID-controller handles the torque transients by adapting

the current amplitude.

• The proposed control techniques enables the more

energy-efficient sinusoidal current supply.

• The control approach is challenging as system dynamics

are highly non-linear. A linear model is introduced and

used to tune an adaptive load angle PID-controller.

• A method is described to estimate the damping and inertia

as the optimal PID-settings depend on the mechanical

load. These parameters are estimated during an initial-

ization speed trajectory based on the electrical torque

equation. In this way, optimal application-specific control

is achieved without the need for user input.

• Sensitivity analysis has been carried out showing limited

impact of the estimation errors of the system parameters

on the robustness of the motor control.

• A feedforward controller is defined which bypasses the

controller dynamics and ensures that the machine accu-

rately follows the desired speed trajectory.

The paper is organized as follows. Section II briefly dis-

cusses the load angle and torque generation of a BLDC

motor. In Section III, the sensorless control strategy to obtain

optimal torque generation is proposed. Section IV presents

the estimation procedure for the system parameters damping

and inertia. Sections V and VI describe the optimized speed

trajectory and the current level feedforward. Finally, in Section

VIII, the conclusions of the research are formulated.

II. BLDC MOTOR TORQUE GENERATION

Each three-phase BLDC motor configuration regardless of

the number of pole pairs or slots can be visualized by the

representation in Figure 1(b) if subjected to a few transforma-

tions. For example, a BLDC motor with 12 stator slots and

8 rotor poles, as shown in Figure 1(a), has a northern rotor

tooth (red) that stands at 45° of a southern rotor tooth (blue)

due to the 8 rotor poles. Second, a northern rotor tooth (red)

is in line with a southern stator tooth and stands at 30° of

the adjacent stator teeth created by the other two phases due

to the 12 stator slots. To obtain the simplified representation,

the number of pole pairs is taken into account to convert the

mechanical angles to electrical angles.

A three-phase voltage source inverter is commonly used to

drive a BLDC machine. The sum of the three-phase currents

leads to the resulting stator current vector is depicted in Figure

2. The generated electromagnetic motor torque Tem can be

expressed as the cross product of the rotor flux linkage space

vector Ψs and the stator current vector is [19].

Tem = Ψs × is (1)

By neglecting saturation [20], [21], the stator flux linkage

space vector Ψs can be written as the sum of the stator flux

linkages, established by the two stator currents in the dq-

reference frame fixed to the rotor flux and the permanent
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(a) Actual construction (b) Simplified representation
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Fig. 1. The actual construction of a BLDC motor with 12 stator slots and
8 rotor poles (a) and the simplified representation of the three-phase BLDC
system (b)

magnet rotor flux vector Ψr as depicted in Figure 2. The

electromagnetic motor torque Tem can be rewritten as:

Tem = (Ψr + Ldid + Lqiq)× is (2)

Elaboration of the vector products leads to an equation

describing the electromagnetic torque as a function of stator

current is, the rotor flux Ψr and the load angle δ, defined as

the angle between is and the rotor flux Ψr:

Tem = Ψr.is. sin(δ) +
Ld − Lq

2
i2s . sin(2δ) (3)

in which the second term represents the reluctance effect

which is solely due to the saliency and disappears for a

smooth-air-gap machine [20], [21]. By neglecting the reluc-

tance effect, the electromagnetic torque can be written with

kt the torque constant as:

Tem = Ψr × is (4)

Tem = kt.|is|. sin(δ) (5)

From eq. (5), it can be concluded that maximum torque

generation is achieved when the load angle δ is equal to the
π
2
rad. The load angle can thus be seen as a quality factor of

the torque generation.
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Fig. 2. Vector diagram with stator current is and stator flux Ψs, rotor flux
Ψr and load angle δ represented in dq-reference frame fixed to the rotor flux



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 3

ib

ic

ib

ic

ωm β
dt

Machine
β

ia ia

|is|

BLDC
|is| is

Current

Control

Impedance

estimator

Fundamental

component

estimator

Load angle

estimator

+

−

+

+

δ

δ̂ab

iab

vab

Iab (jω0)

Uab (jω0)

Ra0 La0

Load angle

controller

Current level

feed forward

Speed
trajectory

*

*

*

*

*

Fig. 3. Proposed sensorless load angle control scheme for BLDC motors, the current level feedforward bypasses the load angle controller and thus directly
provides a current level based on the imposed speed

III. LOAD ANGLE CONTROL

The proposed control algorithm for BLDC systems (Figure

3) differs from the typical vector control structure which is

characterized by the inner current loop and outer speed loop

[22]. The proposed control structure does not contain a speed

controller. The speed is imposed in open-loop by a rotating

current vector is with angle β. The angle β is calculated by

integrating the speed setpoint n∗. In Section V, the speed

setpoint procedure is discussed. In this way, the three-phase

sinusoidal current setpoints are determined:

i∗a =
2

3
|is| cos(β) (6)

i∗b =
2

3
|is| cos(β −

2π

3
)

i∗c =
2

3
|is| cos(β −

4π

3
)

where

β =

∫

n∗dt

The sum of the three-phase currents leads to the stator

current vector is creating a stator flux Ψs which attracts the

rotor flux Ψr. As long as the rotor flux lags the current vector

by the optimum of π
2
rad or less the current vector rotational

speed purely imposes the rotor speed. If the rotor flux lags

the current vector by more than π
2
rad, the generated motor

torque (5) decreases. In that case, synchronization of the fluxes

is lost, and the rotor speed drops to zero.

Loss of synchronization should be avoided at all time.

Therefore, the load angle estimation is used to observe if the

motor follows the imposed acceleration trajectory. However,

at lower speeds, the back-EMF is too small to obtain accurate

load angle information. Therefore at start-up, closed-loop load

angle control is not possible. The controller counters this by

applying maximum current at start-up [16].

The advantage of the method, compared to conventional

speed control, is that the speed is purely imposed in open-

loop and no position and speed feedback is necessary. The

disadvantage is that the rotor position and thus back-EMF

es is not taken into account to inject the currents to achieve

optimal torque generation during start-up. However, to obtain

optimal torque generation, the load angle will be controlled to

the optimum angle π
2

by adjusting the current amplitude |is| (5)

as soon as information of the load angle is available. Figure 3

shows that the load angle controller reduces the error between

the load angle setpoint δ∗ and the estimated load angle δ̂ by

adjusting the current amplitude |is|.

In [23], a BLDC motor simulation model including a hys-

teresis current control developed for alternative current wave-

form supply is presented. In [17] this is continued, sinusoidal

current waveform measurements are presented and its quality

(THDI) and impact on the energy-efficiency are described.

Additionally, the load angle estimation technique, based on

estimators to determine the fundamental component of the

voltage and current measurements to obtain subsequently an

estimation of the back-EMF and impedance, is also extensively

described in [17]. Measurements show that the load angle can

be accurately estimated from a speed of 250 rpm to the rated

speed for the motor under test (Table II). All these components

of the proposed control scheme are therefore not repeated here.

The goal of this paper is to describe the implementation of the

load angle controller and the two extensions: current level feed

forward and speed trajectory. To obtain optimal load angle

control, the controller dynamics need to be adjusted to the

system dynamics. This means that in order to achieve a well-

considered setting of the controller, it is important to know

the system dynamics. For this reason, a process description is

given below.

A. System dynamics

As depicted in Figure 3, the magnitude of the stator current

vector is is used by the controller to obtain the load angle

setpoint. Therefore this section discusses the dynamics of the

load angle based on the current level |is| (Figure 4). There is

much literature on dynamic BLDC motor models but none that

mentions or includes this relationship [24]. Only in [16], the

impact of the current level |is| on the load angle δ is described

for constant-speed applications. Nevertheless, the behaviour in

variable speed applications is not described yet in literature.
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Fig. 4. Description of the dynamic load angle behaviour

The mechanical behaviour of the system can be described

in the time domain:

Tem − Tload = Jθ̈ + bθ̇ (7)

The load is modelled using lumped parameters: inertia J ,

viscous damping b and a load torque Tload. This simplification

is permissible as higher-order mechanical systems will often

show behaviour that is very similar to that of the second-order

systems as in (7) [25].

The motor torque Tem in (7) can be represented by the

torque equation (5). Substituting (5) in (7) gives:

kt|is| sin(δ)− Tload = Jθ̈ + bθ̇ (8)

The rotor position θ can be written as the difference between

the angular position β of the stator current vector is and the

load angle δ where p is the number of pole pairs:

kt|is| sin(δ)− Tload = J

(

β̈

p
− δ̈

)

+ b

(

β̇

p
− δ̇

)

(9)

Equation (9) shows a highly non-linear character. To use

linear analysis techniques, the electromagnetic torque equation

(5) needs to be linearized around the operating point
(

|i
′

s|, δ
′

)

:

Tem = kt|is|sin(δ) (10)

Tem = T
′

em +
∂Tem

∂|is|

∣

∣

∣

∣

(|i′s|,δ
′)

(

|is| − |i
′

s|
)

+
∂Tem

∂δ

∣

∣

∣

∣

(|i′s|,δ
′)

(

δ − δ
′

)

(11)

Tem = kt sin(δ
′

)|is|+ kt|i
′

s|. cos(δ
′

)δ

−kt|i
′

s|. cos(δ
′

)δ
′

(12)

This linearization should not lead to errors as the only

interest is the dynamic behaviour of the system around the

operating point
(

|i
′

s|, δ
′

)

. Equation (12) will not be used

in predicting motor behaviour for other operating points.

Therefore, a description of the linearization error is not given

here.

The linearized equation (12) is substituted in (8):

kt sin(δ
′

)|is|+ kt|i
′

s| cos(δ
′

)δ − kt|i
′

s|. cos(δ
′

)δ
′

= Tload + J
β̈

p
− Jδ̈ + b

β̇

p
− bδ̇ (13)

The focus is on speed-varying applications through which β̇

can be replaced by the electrical pulsation ωe or β̇
p

can thus be

replaced by the mechanical pulsation ωm. After rearrangement

this lead to:

−kt sin(δ
′

)|is|+ Tload + Jω̇m + bωm + kt|i
′

s|. cos(δ
′

)δ
′

= Jδ̈ + bδ̇ + kt|i
′

s| cos(δ
′

)δ (14)

In the Laplace domain this yields:

δ(s) = Gs.|is|(s) +Gd1.Tload(s) +Gd2.ωm(s) (15)

where

Gs =
−kt sin(δ

′

)

Js2 + bs+ kt|i
′

s| cos(δ
′)

(16)

Gd1 =
1

Js2 + bs+ kt|i
′

s| cos(δ
′)

(17)

Gd2 =
Js+ b

Js2 + bs+ kt|i
′

s| cos(δ
′)

(18)

Based on these functions, a load angle setpoint controller,

a load angle disturbance rejection controller and current level

feedforward controller are developed in this paper:

• The impact of the current level |is| on the load angle

δ described by Gs (16) will be essential for load angle

setpoint control. Based on Gs, the load angle controller

that adjusts the current level until the load angle is equal

to the setpoint load angle δ∗ will be designed (Section

III-B1).

• A change in load torque is considered as a disturbance

factor. This disturbance behaviour on the load angle is

described by Gd1 (17) and needs to be eliminated by

the load angle disturbance rejection controller as fast as

possible, see Section III-B2.

• A speed variation can also be seen as a disturbance.

However, here the speed is directly imposed by the

user and thus always known. Therefore, a current level

feedforward controller can be designed that anticipates

on speed variations based on Gd2 (18), see Section VI.

The process dynamics of the system are characterized by

the location of the poles being the roots of the denominator of

(16-18). The characteristic equation that describes the location

of these poles can be written as:

s2 +
b

J
s+

kt
J
|i

′

s| cos(δ
′

) = 0 (19)

As can be deduced from (19), the behaviour depends on

the mechanical parameters of the system. Besides the poles,

also zeros influence the process dynamics. Only function Gd2

describing the impact of the speed on the load angle contains a

zero. This zero has to be taken into account during the design

of the current level feedforward controller.

On the assumption that the system is not over-damped (high

damping b), the poles of the system are:

a1,2 = −
b

2J
± j

√

√

√

√

∣

∣

∣

∣

∣

b2

4.J2
−

kt|i
′

s| cos(δ
′)

J

∣

∣

∣

∣

∣

(20)

The system poles a1 and a2 are complex conjugates. The

negative real part of the poles indicates the system is stable.

The complex part introduces the non-desired oscillating be-

haviour of the system during transients.
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B. Adaptive load angle PID-controller

The load angle controller that adjusts the load angle by

adapting the current level should prevent oscillating load

angle behaviour. In the optimal case, the load angle controller

completely cancels the system poles a1 and a2 to eliminate

all oscillating behaviour of the system. The main reason for

this choice is that the critical load angle limit of δ = π
2
rad

may not be exceeded at all time.

The transfer function of the system (16) can be represented

by a system with Ks the system gain and a1 and a2 the system

poles:

Gs =
Ks

(s− a1).(s− a2)
(21)

A rule of thumb is that high-end control methods should

only be considered if a PI or PID-controller does not lead

to the desired result. The PI and PID-controller have to act

on load angle error ∆δ by adjusting the current level |is|.
A PI-controller introduces only one zero. This means, a PI-

controller can only compensate for the real part of the system

poles. A PID-controller adds two zeros. PID-controller that

already includes a first-order filter with time constant τd
required for flawless D-action can be written in the s-domain

as:

Gc−PID = Kp

(

1

Ti

.
1

s
+

Td.s

τd.s+ 1
+ 1

)

≈ Kp.

(

Td.s
2 + s+ 1

Ti

s

)

(22)

This means, a PID-controller is also able to compensate for

the imaginary part of the system poles. The D-action adds

the necessary damping in the control loop to avoid load angle

overshoot. This clarifies the choice for a PID-controller in this

study.

The transfer function of a PID-controller can be written as

follows if the filter for D-action is neglected:

G′
c−PID = Kp.

(s− a1).(s− a2)

s
(23)

The complete open-loop transfer function is then:

GOL =
Ks

(s− a1).(s− a2)
.Kp.

(s− a1).(s− a2)

s

=
Ks.Kp

s
(24)

The resulting closed-loop transfer function is:

GCL =
1

1
Ks.Kp

.s+ 1
(25)

In other words, when using the controller proposed in (23),

the closed-loop system is reduced to a first order system. To

obtain this, the zeros of the PID controller in (22) have to

cancel the poles of system (16). If the first-order filter with

time constant τd is neglected (τd=0), the integrator gain Ti

and the differentiator gain Td of the PID-controller can then

be determined:

Ti =
b

kt|i
′

s| cos(δ
′)

(26)

Td =
J

b
(27)

The previous equations show that to determine the control

parameters, the torque constant kt, damping b, inertia J and

the operating load angle δ
′

which is equal to the estimated load

angle δ̂ have to be known. The latter dependency means that

the PID-parameters needs to be continuously updated which

results in an adaptive controller. This dependency is a serious

disadvantage of the controller. But if optimal control is the

goal, these parameters must be known or estimated [26], [12],

[27]. In Section IV, a method is developed to estimate the

friction b̂ and inertia Ĵ .

The only design parameter of the PID-controller that re-

mains undetermined is the proportional gain Kp. The setting of

this parameter depends on the task assigned to the controller.

Should the controller follow setpoint changes or should the

controller eliminate disturbances as fast as possible? There-

fore, in the following sections, a distinction is made between

setpoint control and disturbance rejection control.

A drawback of the presented PID-controller is that the

settings depend on the system parameters. Of course, there are

already simpler PID-tuning methods defined in literature such

as ”Probably the best simple PID tuning rules in the world”

[28]. Nevertheless, in [28], the proposed methods also require

knowledge of the process time constants for proper operation.

Other control principles such as Model Reference Adaptive

Control (MRAC) [29] do not require system knowledge but

determine in an iterative way the controller settings based

on the error between the setpoint and the actual value. The

proposed control principle does not need to wait for errors to

correct the control settings as during this process the load angle

may exceed the critical limit, which would greatly reduce

overall operating stability.
1) Load angle setpoint control: In the optimal case, the

current level will be optimized as quickly as possible without

any overshoot on the load angle. Avoiding overshoot allows

the load angle setpoint δ∗ to be set closer to the critical limit

of π
2

.

To determine Kp of the PID-controller for setpoint control,

the resulting open-loop transfer is defined without neglecting

the filter time constant τd of the D-action. The delay on the

load angle feedback introduced by the load angle estimator

should also be taken into account [15]. This delay is described

here as dead time td is equal to:

td =
1

2pωm

(28)

This dead time td is depending on the mechanical motor

speed ωm. The resulting open-loop transfer is then equal to:

GOL =
KsKp

s

1

τd.s+ 1
e−

1
2pωm

s

=
KsKp/τd

(s+ 1
τd
)s
e−

1
2pωm

s (29)
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The proportional gain Kp of the controller should be tuned

so that fast response is obtained without overshoot on the load

angle. Therefore, a critically damped system is desired which

means that the relative damping of the closed-loop ζcl must

be equal to 1. The relative damping ζcl of the closed-loop

system can be related to the phase margin φPM of the open-

loop frequency response (29) [30]:

φPM = tan−1





2ζcl
√

−2ζ2cl +
√

1 + 4ζ4cl



 (30)

ζcl=1
= 76° (31)

To obtain a 76° phase margin φPM, the open-loop phase

φOL should be equal to -104° at the bandwidth with frequency

ω=ωPM for which |GOL|=0 dB. To realize this, first, the open-

loop phase φOL and gain |GOL| are deduced from (29):

φOL = − tan−1(τdω)−
π

2
rad−

1

2pωm

ω (32)

|GOL| =
KsKp

τdω
√

ω2 + 1
τ2
d

(33)

Equation (32) is not directly solvable to ω in a simple way.

To avoid a look-up table with several solution for ω as a

function of the phase φOL, the motor speed ωm and the filter

constant τd, it is preferred to obtain a solution via an iterative

solver. For this problem Newton’s Gradient based optimization

technique is used [31]. A solution for ωPM is calculated in an

iterative way at each time instance tk as follows with Q, the

objective function and dQ
dωPM

, its derivative to the pulsation

ωPM:

ωPM(tk+1) = ωPM(tk)−
dQ

dωPM

(tk) \Q(tk) (34)

with

Q(tk) = − tan−1
(

τdωPM(tk)
)

−
π

2
rad

−
1

2pωm

ωPM(tk) + π − φPM

dQ

dωPM

(tk) =
−τd

1 + τ2dωPM(tk)2
−

1

2pωm

In this way, the required bandwidth ωPM of the controller

can be calculated and continuously updated. After limited

number of iterations, a solution for ωPM is found based on (34)

with an error smaller then 0.1 rad s−1. Finally, the proportional

gain Kp of the PID-controller can be defined based on (33):

Kp =
τdωPM

√

ω2
PM + 1

τ2
d

Ks

= −
JτdωPM

√

ω2
PM + 1

τ2
d

kt sin(δ
′)

(35)

Figure 5 shows simulation results of the behaviour of the

load angle controller using the complete motor model when

the starting nominal current level is 13.9 A and the load angle

setpoint δ∗ is 1.2 rad for a Kp of the PID-controller set to

half, equal to or twice the calculated value based on (35).
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Fig. 5. Simulation results of the behaviour of the load angle controller when
the starting current level is 13.9 A and the load angle setpoint δ∗ is 1.2 rad
for a Kp of the PID-controller set to half, equal to or twice the calculated
value based on (35)

When Kp is set too high, the closed-loop system is under-

critically damped, which results in an overshoot of the load

angle. When Kp is set too low, the closed-loop system is over-

critically damped, which results in a slower response of the

load angle controller.

2) Load angle disturbance rejection control : To reject load

angle disturbances due to changes in speed or load torque,

the phase margin φPM should be as small as possible so that

the controller bandwidth ωPM is as high as possible to reject

high frequency disturbances [32]. A trade-off must be made

between the dynamics and the stability of the controller to set

the phase margin φPM. Thereafter, the controller bandwidth

ωPM and proportional gain Kp can again be determined in

the same way by means of (34) and (35).

Figure 6 shows a simulation result of the behaviour of the

closed-loop during a load torque disturbance of 0.1 Nm when

the load angle setpoint δ∗ is 1.2 rad for a phase margin φPM

equal to 0°, 10° and 20°. If the phase margin is set too low

(φPM = 0°), the controller is too aggressive and the output of

the controller may run into the current level limits. With such

a setting the transient can best be suppressed, but in practice

such a setting will never be applied. If the phase margin φPM

is set too high, the load angle controller becomes slower and

disturbances are slowly rejected. In this example, the load

angle increases to a value of 1.42 rad if the phase margin

φPM is set to 20°. These results show that a phase margin

φPM of 10° is better as the load angle only increases to a

value of 1.36 rad and stable operation is guaranteed.

The inertia J and damping b of the application turn out to

be 2.5e-4 kgm2 and 3.3e-4 Nms rad−1.
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IV. ESTIMATION OF THE MECHANICAL PARAMETERS

In Section III-B, an adaptive PID-controller is preferred for

optimizing the current level |is| based on feedback of the

estimated load angle δ̂. Disadvantageous is that the optimal

proportional gain Kp, integration time Ti and differential time

Td are dependent on the total inertia J and damping b of the

system.

One option seems to estimate the damping b̂ at constant

speed because then the acceleration torque is zero and thus the

effect of the inertia is excluded. The damping b̂ is supposed

to be speed-independent:

Tem = b̂.ωm + Tload (36)

It is not an option to determine these parameters based on

instantaneous values as the motor torque can oscillate heavily.

Therefore each term in (36) is integrated over a specified time

to obtain an average trend. This procedure is carried out at

two different speed levels (ω1 and ω2) so that two equations

are obtained:
∫ t2

t1

Tem1
= b̂.

∫ t2

t1

ω1 +

∫ t2

t1

Tload (37)

∫ t5

t4

Tem2
= b̂.

∫ t5

t4

ω2 +

∫ t5

t4

Tload (38)

These equations can be used to determine the two un-

knowns, being the damping b̂ and the load torque Tload.

As the only parameter of interest is the damping b̂, the load

torque Tload can be eliminated by subtracting (37) by (38).

The damping b̂ can then be estimated as:

b̂ =

∫ t2

t1
Tem1

−
∫ t5

t4
Tem2

∫ t2

t1
ω1 −

∫ t5

t4
ω2

(39)

The only condition for achieving a correct result is that

during both integration periods, the size and behaviour of the

load torque are the same. To estimate the inertia Ĵ , equation

(7) is retaken:

Tem = Ĵ .αm + b̂.ωm + Tload (40)

Again, each term in (40) is integrated over a specified time

to obtain an average trend. This procedure is carried out two

times for an acceleration and deceleration level with the same

magnitude (α1 and −α1), as is illustrated in Figure 7 by the

red time periods. Two equations are obtained:

∫ t3

t2

Tem1
= −Ĵ

∫ t3

t2

α1 + b̂

∫ t3

t2

ω1:2 +

∫ t3

t2

Tload(41)

∫ t6

t5

Tem2
= Ĵ

∫ t6

t5

α1 + b̂

∫ t6

t5

ω1:2 +

∫ t6

t5

Tload (42)

The acceleration and deceleration levels should be chosen in

the same order of magnitude as this is necessary to ensure that

damping b̂ inaccuracies do not affect the estimation of inertia

Ĵ . By doing this, the friction torque generated by the damping

b̂ and the load torque Tload can be eliminated by subtracting

(41) by (42). As a result, the problem of estimating damping

b̂ and inertia Ĵ has been decoupled. The inertia Ĵ can then be

calculated as follow:

Ĵ =

∫ t6

t5
Tem2

−
∫ t3

t2
Tem1

∫ t6

t5
αm1

−
∫ t3

t2
−αm1

(43)

=

∫ t6

t5
Tem2

−
∫ t3

t2
Tem1

2
∫ t6

t5
αm1

(44)

Figure 7 shows the imposed speed and acceleration profile

during which the damping and inertia of the system are

estimated. The time intervals depicted in green show the

moments when the damping b̂ is estimated. The time intervals

depicted in the red show when the estimation of the inertia

Ĵ is performed. This procedure is executed at the maximum

current level to prevent that the load angle exceeds its critical

value.

Table I gives an overview of the average estimation and

error of the damping b̂ and inertia Ĵ over 10 measurements

and this for different speed n, load torque Tload and current

levels |is|. The error on the estimation of damping b̂ and inertia

Ĵ is maximum 19% and 9% respectively, even after averaging

over 10 estimation procedures. The biggest errors occur at

low motor load. This is because the acceleration torque is less
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Fig. 7. Imposed speed and acceleration profile for estimating the inertia during
the red zone and estimating the damping during the green zone
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TABLE I
THE AVERAGE AND STANDARD DEVIATION OVER 10 MEASUREMENTS OF

THE ESTIMATED INERTIA AND DAMPING DEDUCTED ON THE BLDC
MOTOR FOR DIFFERENT SPEED, LOAD TORQUE AND CURRENT LEVELS

Speed Load Current Damping Inertia

n Tload |is| b̂ Ĵ

[rpm] [Nm] [A] [10−4 Nms rad−1] [10−4 kgm]

1000 0.2 13.7 2.51 ± 0.32 2.55 ± 0.15
1000 0.4 13.7 2.54 ± 0.28 2.32 ± 0.13
2000 0.2 13.7 2.96 ± 0.33 2.54 ± 0.09
2000 0.4 13.7 3.11 ± 0.38 2.24 ± 0.08
1000 0.2 8 2.61 ± 0.24 2.46 ± 0.07
2000 0.2 8 2.86 ± 0.25 2.43 ± 0.07

significant compared to the average torque during the speed

transients at low motor load. In Section VII, the impact of

these significant estimation errors of damping and inertia on

the motor control will be evaluated. For the damping, it can be

concluded that the estimation error is smaller if the procedure

is executed at higher motor speed. The reason for this is that

the proportion of motor torque that goes into overcoming the

damping is greater at higher speeds.

V. OPTIMIZED SPEED TRAJECTORY

In Section III-B2, only a torque change is discussed as a

disturbance error. A speed change can also be classified as a

disturbance factor. However, the speed ωm is purely imposed

by the user. The mechanical speed ωm can thus be seen as a

disturbance factor known in advance. This gives the freedom

to impose well-chosen speed trajectories. In this section, the

way a speed trajectory is imposed is explained.

From the derivation of the relation between the load angle δ
and the imposed speed ωm (18), it can be concluded that a step

speed change is not a good option as the load angle is related

by a transfer function with Js+b in the numerator. This means

that the load angle δ sharply increases at high acceleration

trajectories. Linear acceleration profiles are a solution to the

problem but are not optimal as the begin, and endpoint of the

trajectory are not optimized and can thus result in a high jerk.

Therefore, in this research, it is proposed to apply a point-

to-point (PTP) trajectory which is described by a sixth-degree

polynomial, which satisfies the end conditions of zero accel-

eration and jerk at the initial and final times [33]. This type

of speed control will also benefit the drive efficiency during

startup and speed setpoint changes [34].

VI. CURRENT LEVEL FEEDFORWARD

A positive effect of the identification of the system parame-

ters damping b̂ and inertia Ĵ in Section IV is the fact that the

necessary driving torque can be determined directly based on

the setpoint. This information is very beneficial to program a

feedforward controller which bypasses the controller dynamics

and ensures that the machine accurately follows the desired

setpoint [35].

Equipped with current level feedforward as in Figure 3, the

total controller (load angle + feedforward controller) can im-

mediately anticipate to speed setpoint changes without waiting

for an error on the actual load angle created by the speed

change. In this way, the current level feedforward can support

the load angle controller so that the load angle can be kept

more constant during speed transients. This ensures that the

optimized speed trajectory will be tracked as good as possible.

The current level feedforward level is calculated based on the

imposed speed ωm, torque constant kt, and the mechanical

inertia J and damping b. Based on the torque equation (8),

the necessary current level can be directly calculated:

|is| =
Jω̇m + bωm

kt sin(δ)
(45)

Figure 8 shows the final measurement result of the load

angle controller enabling sinusoidal current supply for BLDC

motor. The control method imposes the nominal current level

at start-up. Thereafter, the current level is reduced to a level

related to the motor power required to drive the load based

on feedback of the load angle. The proposed control method

for BLDC motor works in both cases, partial and full load.

However, at and closed to the rated operating conditions, small

current level adaptions are only possible. Through this, the

authors prefer to show measurements performed at average

speed and load torque were preferred by the authors. The

setpoint load angle δ∗ is set to 70° and a phase margin φPM of

10° is preferred for stability reasons. Prior to the experiment,

the estimation procedure for estimating mechanical parameters

is performed. The damping b̂ and inertia Ĵ are estimated to

be 2.82e-4 Nms rad−1 and 2.52e-4 kgm, respectively. Based
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Fig. 8. Measurement result of the behaviour of the load angle controller
during speed and load torques changes for a load angle setpoint δ∗ = 70°
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on (26-27,35), Kp, Ti and Td are set to 0.35 Arad−1, 0.036 s
and 0.89 s at the beginning of the experiment. Since Kp and

Ti depend on the load angle, these parameters change during

the experiment. Kp and Ti increase and decrease respectively

as the load angle setpoint is reached. At time instance 2 s, the

speed is increased from 2000 to 2500 rpm using the speed

trajectory as described in Section V. After that, the speed

is reduced to 2200 rpm. During this speed trajectory, the

necessary current level is calculated. This helps the load angle

controller to maintain the load angle constant within a margin

of ± 5°. At time instance 5 s and 6 s, a step load torque

disturbance and linear increasing load torque disturbance are

respectively imposed to the BLDC motor. During these tran-

sients, the current feedforward cannot anticipate, and a load

angle error must first occur before the controller can react to

it. A step load torque is, of course, an extreme disturbance,

which means that some overshooting of the load angle cannot

be avoided. In this situation for a torque jump of 0.03 Nm,

the overshoot on the load angle above the load angle setpoint

δ∗ is limited to 26° and completely eliminated after 0.55 s.
During the linear increase of the load torque from 0.03 Nm
to 0.15 Nm, the maximum load angle is equal to 81° and is

then systematically reduced.

One remark is that the previous measurements are carried

out assuming that the damping b̂ and inertia Ĵ are exactly

known. In the next section, the impact of damping and inertia

estimation errors on the load angle control is examined.

VII. IMPACT OF THE ESTIMATION ERROR OF THE DAMPING

AND INERTIA ON MOTOR CONTROL

Setting the proportional action Kp of the load angle PID-

controller as described above results in a controlled system as

fast as possible without overshoot on the load angle. This is the

case if the mechanical system parameters are perfectly known.

However, estimation errors can be due to the inaccuracy of the

estimation procedure but also due to modification of the actual

mechanical parameters. It is assumed that the mechanical

parameters are constant during the process. If this is not

the case, then the estimation procedure must be carried out

frequently and the time instances (Figure 7) must be adapted

to the varying load profile.

Figures 9 shows the impact for a number of incorrect

estimation values of the inertia Ĵ on the motor control if the

same speed and load torque transients are imposed as in Figure

8. When the inertia Ĵ is set too high with respect to the real

inertia J , the proportional gain Kp (35) and the derivative

factor Td (27) of the PID-controller are set higher. Figure 9(b)

shows that when the inertia is set to 130%, the overshoot on

the load angle during the step load torque disturbance is even

reduced from 86° to 79°. However, when the inertia Ĵ is 140%

of the actual inertia J , the open-loop phase margin decreases

from 40° to 0° and results thus in an unstable closed-loop

system, see Figure 9(a). When the inertia Ĵ is lower than

the actual inertia J , the proportional gain Kp (35) and the

derivative factor Td (27) of the PID-controller are set lower.

This controller is slower resulting in overshoot on the load

angle during torque transients.
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as in Figure 8 (a) and detailed view for the three stable situations of the load
angle during the torque transient (b)
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torques changes as in Figure 8 and Figure 9 (a) and detailed view for the
three stable situations of the load angle during the torque transient (b)

Figure 10 shows the impact of incorrect estimation of the

damping b̂ on the motor control for the same speed and load

torque transients. When the damping b̂ is set too high with

respect to the actual damping b, this results in a slower system

through which the overshoot on the load angle during torque

transients becomes bigger and may result in instability (170%

of damping b). When the damping b̂ is estimated too low with

respect to the real damping b, this results in a faster system and

thus less overshoot on the load angle, (Figure 10(b)). However,

when the damping is 60% lower then the real damping, the

phase margin φPM decreases to 0° and the closed-loop system

becomes again unstable.

The measurements show that the proposed motor control

technique can cope with estimation errors on inertia and
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damping. However, the error on inertia and damping must

be limited within the range of [90%,130%] and [70%,160%]

of the actual values. Table I showed the estimation errors

were within a range of [93%,102%] and [81%,100.1%] for

the specific trajectory.

VIII. CONCLUSION

Literature shows an energy saving potential when the BLDC

motor is driven with sinusoidal instead of square-wave shaped

currents. But unfortunately for sine-wave setpoint current

generation, the typical electronic low-resolution commutation

feedback techniques becomes unavailable. Techniques such

as Hall sensors or sensorless algorithms based on back-

electromotive force (back-EMF) sensing to detect rotor po-

sition information are inadequate for sinusoidal current gen-

eration. The proposed speed control method enables the more

energy-efficient sinusoidal current supply through which it

differs totally from typical cascaded control as the speed, and

current controller are strictly separated. The advantage of this

method is that the rotor speed is purely imposed by the current

vector rotational speed which is set by the user, and therefore

no speed controller nor position (Hall, encoder) and speed

(tacho) sensors are required. The closed-loop load angle PID-

controller handles the torque transients by adapting the current

amplitude.

The control approach is challenging as system dynamics

are highly non-linear. A linear model is introduced and used

to tune an adaptive load angle PID-controller. A method is

described to estimate the damping and inertia as the optimal

PID-settings depend on the mechanical load. These parameters

are estimated during an initialization speed trajectory based on

the electrical torque equation. In this way, optimal application-

specific control is achieved without the need for user input.

Sensitivity analysis has been carried out showing limited

impact of the estimation errors of the system parameters on

the robustness of the motor control. A positive effect of the

identification of the system parameters is the fact that the nec-

essary driving torque can be calculated directly during motor

operation based on the imposed motor speed. This information

is very beneficial to program a feed forward controller which

bypasses the load angle controller dynamics and ensures that

the machine accurately follows the desired speed trajectories.

To finalize this research work, the control technique should

be validated on an existing industrial application with an

challenging speed and load torque profile.
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IX. APPENDIX

The topology of the test setup is visualized in Figure 11.

A dSpace MicroAutoBox II is used to implement the control

strategies. The Digital Signal Processing (DSP) unit of the

MicroAutoBox II computes the motor control strategy. In the

Field-Programmable Gate Array (FPGA), a hysteresis current

control algorithm is implemented based on [23]. Further, an

IGBT Power Electronics Teaching System of Semikron is used

to inject the three-phase currents. The load torque profiles are

applied by a permanent magnet synchronous motor (Siemens

1FK7022-5AK21 – Sinamics s120 drive system).

Power analyser

TL Sinamics

PMSM

Torque mode

BLDCM

MicroAutobox II

s120 drive

dSpace

Inverter bridge
ωenc.

Switch states

Transmotec
B8686-24

Semiteach system
Semikron

FPGA
DSP

P3f

Fig. 11. Test setup used to determine the energy efficiency of the BLDC
motor: MicroAutoBox II, Semiteach inverter system Semikron, BLDC mo-
tor Transmotec B8686-24, Siemens load motor, power analyser (Tektronix
PA4000)

TABLE II
KEY SPECIFICATIONS OF THE 4-POLE THREE-PHASE BLDC MOTOR

UNDER TEST, TRANSMOTEC TYPE B8686-24

Parameter Value Unit

Pnom nominal power 225 W
Unom nominal voltage 24 Vdc

nnom nominal speed 3062 rpm
Tnom nominal torque 0.703 Nm
Inom nominal current 13.76 A
Ra armature resistance 0.07 Ω
La armature inductance 0.103 mH

CT torque constant 0.059 NmA−1

Jm rotor inertia 800 g cm2
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