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Article Info Abstract
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Accepted: 21 June 2024 impact on next-generation electric vehicle (EV) applications due to
Available online: 12 August 2024 their high-performance accuracy and reliability in the motion control

area. This paper offers a unique inverter switching method to control
the PMBLDC motor for high voltage (HV) e-mobility applications. In this

Keywords : .

y work, the speed of a permanent BLDC motor is controlled by a suitable
Inverter switching, BLDC motor, inverter switching selections via inverter mapped with motor position.
Pole placement, PID control Hence, the anticipated switching method is depended on identifying the

sector position and selecting the suitable control logic for switching
inverter. Here, a feedback and feedforward loop design based control
logic are used for tracking and improved input-output performance,
respectively. The feedback loop used a proportional-integral-derivative
(PID) controller. The gains of the PID controller are tuned by using
dominant pole placement technique to ensure robust loop
performance. Further, a feed forward gain is designed to improve the
input output performance. Simulations are carried out with a
developed hardware set-up of BLDC motor with AKD interface device
to validate the system performances experimentally.

1. Introduction

New generation electric vehicle (EV) or hybrid electric vehicle (HEV) demands very low cabin noise, highly
tracked speed vs torque characteristics for intuitive motion control, good amount of power density and also an
achievable efficiency. All these criteria fulfilled by a smooth e-drive operation with Permanent magnet
synchronous BLDC motor. This kind of set-up have a challenge to overcome, that is to design best possible
commutation for the three-phase inverter to achieve the speed tracking of PMBLDC motor without a significant
lag. Many works have been designed and tested for an efficient control of BLDC motor [1-3]. The BLDC motor
along with battery, DC/DC converter and DC/Inverter constitute the important components of EV system. In this
work, attempt has been made to control the BLDC motor with only single inverter instead of combination of DC/DC
converter and inverter to achieve robust performance. With the well-known topology, that is combination of
DC/DC converter and inverter with a chopper, the e-drive is able to achieve the DC source average voltage as
shown in Fig 1. Hence, motor received averaged effective voltage but not performing any phase switching. Here,
the inverter commutating phases would be energised with a constant voltage drop with respect to corresponding
sector [4-5].

This paper tries to eliminate the use of DC-DC converter and design the commutation technique while sending
the PWM signal directly to inverter and activate the desired phases with respect to the motor sector positions.
With the absence of one power electronics circuit, this topology will save much in terms of cost. Many works have
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been reported to generate desired PWM signal to control inverter. Mainly, meta-heuristic optimisation techniques
like Fuzzy, genetic algorithm, etc based PID design is used in [6-9]. Apart from meta-heuristic based PID design,
some advanced control techniques like model predictive control, sliding mode control, observer based control are
also used in [10-20].
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Fig. 1 Topology with DC-DC and Inverter combination for PMBLDC motor control

Despite having many advance control techniques, we choose to design PID control, as its already proven and
easy to validate experimentally. The PID gains can be obtained through many ways e.g., ZN computing method,
using metaheuristic optimization, pole placement method or iterative method [21]. Here we opt to use pole
placement technique because this technique is more intuitive and handier to use when the plant model is known
[22]. However, the challenge is to get surety of the dominant pole placement. In [23]-[24], a guaranteed dominant
pole placement is attempted while using root locus and Nyquist criteria. In this paper, effort has been made to use
pole placement technique to place the dominant poles of the system. In this paper, a dominant pole placement
based PID controller design is presented for the feedback loop. Afterwards, effort made to make the system more
efficient in terms of system input output loop performance through feedforward control design. A hardware setup
with three-phase PMBLDC motor and kollmorgen AKD interface device developed. The results are verified with
the close loop system experimentally.

The main aids of this paper are

i. E-drive setup without the modulated voltage input but able to achieve the correct set of commutation of
inverter action.

il. Achieved robust loop performance with a proportional-integral-derivative control design using pole
placement method.
iii. Ensure faster input output performance while using feed forward gain design and the system is validated

with an experimental hardware setup.
This paper is formatted as follows,
Section 2 represents modelling of PMBLDC motor. In section 3, the operation with proposed PID controller & pole
placement technique has been discussed. In section number 4, the outcomes are shown. And in the last section 5,
the conclusion has been drawn.

2. Motor Dynamic Model
The equivalent circuit diagram of a 3-@ BLDC motor is shown in Fig. 2. The 3-@ BLDC motor is connected through

a star configuration, fed by a conventional 3-@ VSI. The voltage equations of 3-@ windings with phase variables
are as follows:
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Here, phase voltages are V,,, V., V,,», and the corresponding phase currents are defined as i, iy, i\,x.- Back EMFs
are e,, e,, e,,- Also, R, is the phase resistance and L, is the self-inductance of each individual phase. The back emfs

are related as

where w, is angular velocity. The back emf can be rewritten as

ey = kwrf(erad)

ey, = kw, f <9rad -

ew = kw,f (G‘rad +

So, star Connected three-phase current become

2
)

3

3

Iy + Iy + Iy =0

which can also be written as

My + Mplyy = —Mpiyy

Substituting, equation (5) in equation (1)

R, 0 0

Va lux Ll - M‘m 0
Vox [= 10 Ry O f]i|+ 0 Ly — My,
v, o o RrJlli, 0 0

ey fux(Brad)
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The torque equation can be expressed as

Jw
atr + Bnwr = Tgm = Tqioad (7)

Jm

Further, the torque developed in the motor can be written as

Jw 1
6tr = ]; (Tqm - quoad) — Bpw, (8)

where J,,,, and B,,, are the moment of inertia and frictional coefficient, respectively. Combining (6) and (7), the
state-space model of the BLDC becomes

X=Ax+Bu Y =Cx 9)

Where, X= [iux lyx by Wy grad]Tl Y = [iux Uy lwx Wy Grad]T andu = [Vux Vox Viox Tload]T

i R —¥ ]
- Ll _TM 0 0 Ll _ ;[ fux(erad) 0
m m
R -y
0 _Ll——TIVI 0 Ll_—l\)}fvx(grad) 0
m m
R —Y
A= 0 0 - L, _TM L - 1\754 fwx(Oraa) O
m m
¥ ¥ 2 B
]_xfux(erad) ]_vax(grad) ]_xfwx(grad) _]_ 0
m m m m
P
0 0 0 5 0_ (10)
1 0 0 -
Li=Mm 1 0 0 O
0 — 0 0 10 0
B = e C=|-1 10 0
0 0 Li—Mp, 0 0 1 0
0 0 0 1 0 0 0 1
Jm-

u= [V Wx W Tload]T:e= [6n €y eW]T

Further, the transfer function of the motor can be obtained in term of speed as

Is) 1 .

V(s) —=Vg(s) sL,+R, (11
wy(s) 1

Tq0aa(s) = Tgm(s) ~ S)m — B (12)

As the value of k,,, and k;, are same (refer table 1), one can write

0,(s) - ,
V) - GLLF R G ¥ Bo) ¥ K2, (13)
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3. Proposed Control Schemes
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Fig. 3 Proposed topology of inverter control PMBLDC motor without DC-DC converter

The proposed control topology is shown in Fig. 3. The topology consists of mainly three design parts, (i)
Identification of motor rotor position and selection of sector (ii) Feedback loop design, and (iii) Feedforward loop
design.

3.1 Identification of The Motor Position and Selection of Sector

Throughout the operation, only two phases of BLDC motor are conducting at a given individual time slot. The
sector wise inverter commutation operation is shown in Fig. 4. Here, direct back EMF zero crossing technique
(Terminal Voltage Detection with Trapezoidal Control) is used to identify the sectors. As shown in Fig. 4 during
zero-crossing event, the non-conducting phase back emf crosses zero as well (aligned with dashed line in Fig. 4).

Figure 4 demonstrates the concept of the 300 electrical degrees delay from the zero-crossing event. Here any
speed variations don’t have any impact on the delay. So, the non-conducting phase back emf is under monitor to
detect the zero-crossing point. From Fig. 4, the proposed control switching logic is investigated and presented in
Table 1 and Table 2. During each PWM period, the commutating phases switched in between =+ 300V in a
harmonizing way. At a time, one phase is connected with +ve voltage, and other is connected with -ve voltage
(refer Table -1). Hence, this implement a reverse switching pattern and used the same with coupled PWM signal
(refer Table -2). Here, PWM switching threshold is set to 50% of the magnitude. Therefore, based on PWM width,
the sector will perform the corresponding switching pattern. The operational logic of the above two tables is
presented in Fig. 5.

3.2 Linear Controller (PID) Design and Tuning

The closed-loop system containing the feedback and feedforward loop is shown in Fig. 3. The feedback loop
consists of PID control and feedforward loop contain a static gain q.

3.2.1 Design of The Feedback Loop

Here, decentralized approach is used to design PID controller for the feedback loop of the MIMO system. Here the
PID controller is designed for the diagonal component of the MIMO system. The controller is designed to be robust
enough to counter the effect of the off-diagonal component of the MIMO system. To accomplish the motor speed
tracking and control of the same, the inverter switching is modulated with the varying inputs from the PID
controller, which defines the range of PWM signals for inverter commutation control.

Here the plantis
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PID controller becomes
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Now, the characteristics equation

1+ C(s)G(s) = 0 (16)

Here, the placing the desired poles p = —a + bj, such a way, it will satisfy the dominant pole placement, i.e, s =
—ma, where close loop poles should be lie in the region of m.

Hence, the characteristics equation becomes
k
k. —

i N 1
b -2l k(e - b = 2= (17)

Separating the real and imaginary part, equation (17) becomes,

-1
—bk; + b(a? + bk, = (a® + b)Im[——

(18)

G(p)

(a* + b»)ky, — ak; — a(a® + b*)ky = (a® + b*)Re] ]

Since, in root locus technique, the gain is varied. Therefore, here kp is varied to obtain the PID gains from the root
locus technique. By employing the above idea, (18) can be written as

1

ko= gt v (19)
a? + b? s 1o

ki = — 1|k, — (@* +b*)x; (20)

1 -1 1 -1 I o
Here, X, = ;Im[@], and X; = ;Re [Tp) — X, , by substituting the PID gains into eqn (16),
as?+a(a®+b?)s+ (a?+b%*—a
1+ k ( )s +( ) Ne '] = 0

p[a(a2 + b2)X,e"Iss2 4+ a(a? + b?)Ds — a(a? + b?)X;Ne Ls
1+ kpG(s)=0 (21)
The root locus technique can be used for (21) by varying gain k,,. The design steps are outlined below
i. Draw the root locus of (21) by varying k,,.
ii. Locate the dominant pole region by choosing m.
ii. Select the interval of k, from rootlocus as done in [23]-[24].
iv. From k,, find k; and k4. By utilizing the above approach, the PID gains are obtained as k, = 1.2, k; =

0.09,and k; =0.05

Table 1 Inverter switching sequence when PWM amplitude is more than 0.5

Phase-U Phase-V Phase-W Interval

M1 M4 M3 M6 M5 M2 (Desree)
H W @ W H @O
0 o0 o0 o - 0-60
o 0 + 0 0 - 60-120
0 - + 0 0 0 120-180
O - 0 0 + 0 180-240
O 0 0 - + 0  240-300
+# 0 0 - 0 0 300-360
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Table 2 Inverter switching sequence when PWM amplitude is less than 0.5

Phase-U Phase-V Phase-W
Interval
M1 M4 M3 M6 M5 M2 (Degree)
H W H @ H @
0 - 0 0 + 0 0-60
0 0 0 - + 0 60-120
+ 0 0 - 0 0 120 -180
+ 0 0 0 0 - 180 - 240
0 0 - 0 0 240 - 300
0 - + 0 0 300 - 360
E‘
g : §
o8l
' PWM Generator g
E Magnitude O to 1 i
@A A
Switching scheme Switching scheme
Befer- Tableno 1 Refer- Table no 2
1 Y I

Switch case
condition
PWhI=0.3

Inverter Switching sequence

Fig. 5 Proposed switching logic of 3-@ inverter

3.2.2 Feedforward Gain Design

257

Here, a gain q is added to obtain two-degree freedom to ensure faster input-output response. By changing the
value of g, a zero location is added which makes the system faster. Here, gain q is selected iteratively so as to
achieve faster input-output response. For the simulation q is chosen as 0.05. With the designed PID controller, the
frequency response using the Bode plot of the system is shown in Fig. 6. Bode plot ensures enough margin (gain

and phase) by the proposed method.
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Fig. 6 The Bode plot of the closed-loop system

4. Experimental Results

Figure 7 shows the experimental hardware setup which is used to validate the proposed system. In Fig. 7, the
PMBLDC is connected and communicated to personal computer through koll-morgen AKD interface motor drive.
The designed controller is programmed and flashed in the AKD drive. The parameters used for the system is

shown in Table 3.

Table 3 Component parameters details

Component

Used values

PMBLDC motor

Battery (Lithium-ion)

Inverter

Motor Speed: 0 - 3500 rpm

Motor resistance (Rr): 1.292 Q)

Motor inductance (LI): 0.0001 H

Motor torque constant (km): 0.0502 N.m/A
Back emf constant (kb): 0.0502 V/(rad/s)
Motor moment of inertia (Jm): 2.21x10-5
N.m/(rad/s2)

Motor frictional coefficient (Bm): 1x10-5
N.m/(rad/s)

Nominal voltage =500V

Rated Capacity = 6.6 Ah

MOSFET

Drain-source on resistance, R_DS(on): 0.01 Ohm

Off-state conductance: 1e-6 1/0hm
Threshold voltage : 0.5V

Integral Diode

Forward voltage: 0.1 V

On resistance: 0.001 Ohm

Off conductance: 1e-5 1/0hm
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Fig. 7 Experimental setup (1) AKD interface motor drive; (2) BLDC motor; (3) Motor terminal and encoder; and (4)
Laptop

4.1 Results of The Proposed Topology

Figure 8 shows the tracking response of the BLDC motor. To mimic the actual behaviour of electric vehicle on the
track, the experiment is run for frequent acceleration and retardation. The model is run for 100 sec with
acceleration, retardation and constant cruise control to verify the effectiveness of the proposed controller. From
Fig. 8, it is clear that the BLDC motor is accurately tracking the set speed. Due to feed forward term, the speed of
the motor is able to catch the set speed without any lag. It may also be noted that, the tracking error seems to be
zero in Figure 8. However, it is usual practice to keep the error in the specified tolerance band by using integral
action of PID controller. Moreover, the Fig. 8 is zoomed and the tracking response is also shown in Fig. 8 for better
visibility. It may be noted that, the tracking error is well within the tolerance band.

3000 - Desired speed y
[‘\ 2260 R Y™ Py - - = = Measured speed

2500 F / .
g2000F f
E /
5 1500/
2
@' 1000 /

500
ofF : - 1
40  40.02 40.04 4006 40.08
0 10 20 30 40 50 a0 70 80 90 100

Time {Sec)

Fig. 8 Speed tracking response of BLDC motor

Figure 9 shows the corresponding line voltage, and different sector position during the run for 100 sec. It may
be noted that the position of rotor is divided into six sectors and each sector constitutes 600 which is also zoomed
and shown in Fig.9. Here, the phase voltages switches according to required motor speed by proper inverter
commutation control, which is carried out by continuously sensing the sector position (defined in Fig.4). For
example, when the rotor position is at sector 1 marked as circle in Fig.9, phase voltage U will be high (red colour
in Fig.9) and phase voltage W will be low (blue colour in Fig.9) following Table 1. Here PWM generators switches
in between two phases. These two phase voltages continue to on & off between +ve and -ve values, but stayed
inside the source voltage range.
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Figure 10 shows the output of the proposed controller and the switching signal for inverter. The controller
output acts as the reference signal to PWM block and thereby the PWM generator generates the switching pulses.
As shown in Fig. 10, the PWM signal magnitude varies in-between 0 to 1. Based on the PWM magnitude in each
derivative, the switching sequence has been picked up by the proposed algorithm, refer Table 1 and Table 2.
Further, the corresponding switching of each inverter for 120° mode is shown in Figure 11. Figure 11 shows the
zoomed version of the commutations of the inverter switches which took place for 1209 mode.

Figures 12 and 13 show the PMBLDC motor inputs current and voltage profile from all the three voltages and
currents. As expected, the inverter having the trapezoidal current profile with the proposed control mechanism.
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Fig. 9 Phase voltages mapped with motor sector
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Fig. 14 Robustness response of speed tracking

Figure 14 demonstrates the robustness performance of the system. Here the speed demands changes abruptly
with a very short time frame with less rpm. Even though this variation, the proposed system is able to achieve its
performance as shown in Fig. 14. It lags to catch some very sharp rise load profile but again manage to track it
without any delay.

5. Conclusions

This paper proposed an e-drive topology consisting of only one 3-phase inverter set-up to control PMBLDC motor
and the performances are verified through experimentally. Unlike a dc-dc converter-based e-drive system, the
proposed topology able to switch the 3-phase inverter phases correctly with PWM control technique. The inverter
switching, and the two-degree-of-freedom controllers are implemented while using feedforward and feedback
controllers. The feedforward controller has been tuned iteratively and the feedback controller is developed by a
pole-placement approach. A PWM magnitude-based logic approach has been implemented for inverter
commutation. The efficacy of the proposed topology and designed control method has been verified with a
hardware experimental setup by analysing its nominal and robustness response. The e-drive performances are
found satisfactory with this control method.
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