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Abstract: This paper proposes a compensation method for interpolation error of the maximum power
control of a PMSM control system that generates current commands through a look-up table. A torque
control system using a look-up table created through experiments has superior characteristics, such
as control stability and torque accuracy, compared to a system that executes torque control via a
linear controller based on modeling. However, it is impossible to generate information on all the
currents for the output torque in the table. Therefore, because the data stored in the look-up table
have a discrete characteristic, they are linearly interpolated to generate a current command for the
torque command. However, the PMSM current trajectory is generally elliptical, which causes an
error owing to linear interpolation, reducing the maximum output power. In particular, when the
table data are insufficient, such as in the high-speed operation range, the reduced maximum output
cannot be ignored. This paper proposes a compensation method for the interpolation error using two
feedforward compensators and a PI controller, which was verified through experiments.

Keywords: 2D-Interpolation; look-up table PMSM drive; interpolation error compensation;

feedforward control

1. Introduction

The permanent magnet synchronous motor (PMSM) application range has gradually
broadened in recent years through automotive motor control, producing higher output than
conventional motors. This type of automotive motor control requires robust control based
on the input parameters. Consequently, the look-up table-based PMSM torque control
method is used to generate current commands with two different parameters. As shown in
Figure 1 [1], among these control methods, the flux-torque two-dimensional look-up table
(2D-LUT)-based torque control method is commonly used owing to the DC-link voltage
variation. However, suitable current references for all operating circumstances cannot be
stored in memory. Because of inherent memory restriction, the current references can only
be stored in the memory by a specific fixed unit; therefore, the outputs of the look-up table
have discrete characteristics despite the continuous input parameters.

Owing to these problems, motor control systems that generate current commands in
look-up tables use 2D interpolation. 2D-LUT with 2D-interpolation is applied not only for
traction motor drives of Hybrid Electric Vehicle(HEV) [2] and Electric Vehicle(EV) [3],
actuator driver for automotive systems [4], but also for many other PMSM-based applica-
tions [5,6]. Additionally, there exist other table-based methods besides the aforementioned
current command method, such as the voltage—vector table [7], current angle table [8],
3D-LUT-based control method [9]. However, those other table-based methods are not as
popular as the two-dimensional current-command-based table as a result of the simple
concept and easy implementation of the two-dimensional current table. Two-dimensional
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interpolation changes the discrete data stored in the 2D-LUT into linear data and outputs
them. When a parameter is an input, the output of the data stored in the memory is calcu-
lated using a linear interpolation method called first-order Newton interpolation [10,11].
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Figure 1. Flux-torque look-up table based PMSM control method [1]. Interior Permanent Magnet Synchronous Motor

(IPMSM).

If the amount of data stored in the LUT used for PMSM control is sufficient, the
interpolation error caused by the linear interpolation of the current command generated
by the 2D interpolation is very small and can be ignored. However, when the amount of
data in the LUT is insufficient, the interpolation error generated by linear interpolation is
large, and the interpolation error cannot be ignored, especially in the high-speed operating
region. In automotive applications, the system uses a large amount of memory space for
system safety function and failure diagnosis, the memory space allocated for the LUT is
usually insufficient.

Studies have been conducted to optimize memory to solve this insufficient memory
problem. The method proposed in [12,13] recreates the current commands of the LUT
based on system data. Therefore, the number of memories can be reduced based on
the operating conditions. In the optimization method proposed in [14,15], the curve-
fitting method was used to reduce memory. However, all the methods introduced above
require the exact PMSM parameters. Because the parameters of PMSM vary depending
on the temperature, speed, etc., the effect of the memory optimization method is limited.
Conversely, [16,17] provide a method for applying a counter-electromotive force table
to compensate for the interpolation error. Although these methods require additional
experiments to create a counter-electromotive force table, they can not only significantly
reduce the current reference memory but also be robust to parameter variation. However,
since this kind of method has a slow response and the current commands are incorrect
when the voltage error is small, additional compensation is required. In [18], an additional
feedforward compensation method is proposed in order to improve the performance of
interpolation error compensation, proposed in [17], based on the voltage error. However,
even with this method, the additional compensation was not effective when the value of
the voltage error was small, and the g-axis current response was not fast enough when the
reference current changed very fast.

This paper proposes an improved interpolation error compensation method. In this
study, a voltage feedforward controller and a current feedforward controller are added
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to the interpolation error compensator proposed in [17,18]. The proposed algorithm was
verified experimentally based on a motor-generator setup in laboratory. In the experiment,
the proposed method is compared with the conventional 2D-Interpolation-based method to
verify its performance during the maximum power control in the field weakening operation
region. Additionally, experimental results between the proposed feedforward controllers
are compared. One of the experiment results is when only the voltage feedforward con-
troller is applied to the PI controller, and another one is when two proposed feedforward
controllers are fully applied.

2. Conventional Compensation Method for 2D-Interpolation

Figure 2a shows the interpolation error in the field weakening operation region [17].
The 2D-Interpolation method generates a linear interpolated output using the equation
described in Equation (1).

F(x) = flx) + (f“)‘f“)) (x—x1) M

Xunit

In 2D-Interpolation, the stored adjacent dg-axis current references are connected
linearly. Although it can reduce the error better than using only the look-up table output,
the generated power is lower than the capable maximum power. This is because the
number of LUT data for corresponding motor speed are different since the maximum
torque output varies according to the motor speed. For example, in the case of w,; and
wyy, there are four data points in LUT, 3 points for w,3, and 2 points for w,4 respectively.
As described in arrows in Figure 2a, the smaller number of data points for the corresponding
speed causes more error in the interpolation.

o
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Figure 2. Interpolation error in PMSM operating region (a) Interpolation error in field weakening region (b) Compensating

current for interpolation error [17].

To calculate the maximum power control current trajectory, the fundamental PMSM
model equations are:
vl = Rl + Lypil, — erqi;s 2
Ugs = Rsigs + Lgpigs — wyLyigs + wrdy
The output torque is as follows.

3 , o
T, = ZP(/\flgs — (Lg — Ly)iggigs) (3)
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To achieve maximum power operation, the operating current must reach the required
voltage and current. In the field weakening operation region, the increasing current
trajectory should follow the voltage limit ellipse. The current trajectory can be obtained as
follows, assuming that resistance is ignored:

Vomar = wr\/ (Lails + Ap) + (Lyir,)2
Vi @)
=7
Under the constant torque operation region, voltage limitation does not affect the op-
erating current; therefore, in this region, the voltage magnitude from the generated current

and speed must be considered at each torque and speed to prevent divergence of current.
The stored voltage magnitude was obtained experimentally using the following equation:

Vmag = (Ug;)z + (ng)z ®)

Figure 3 shows a conventional 2D-Interpolation compensation block diagram for the
conventional method [17]. A PI controller is used for interpolation error compensation
based on g-axis current in order to reduce the data points of LUT. As shown in the g-
axis current compensation block diagram in Figure 3, if the PI controller is used for
compensation based on the voltage error, the compensation error cannot be zero because
the compensation references will be ellipsoidal due to the voltage limit ellipse of IPMSM.

q-axis current

Compensation l-r* Vr*
gs _comp dgs
e ¥ l-r*
ds _ la‘
@ s | Lurtad SVPWM » Inverter B (pmsm
Interpolation l Controller |
LTy 4 I
Y
'-‘_‘- ']" x| x|
a 0

¥ d " [Position
dt Sensor
m

—
S Current mag
i Tiiatit —— PI (—O(—
qs _comp

Figure 3. Conventional interpolation error compensation overall block [17].

Furthermore, although the total memory used for current references can be dimin-
ished, a back-Electromotive force(EMF) voltage LUT is required for the conventional
compensation method. Moreover, the compensated g-axis current variation is a nonlinear
characteristic based on the d-axis current variation, as shown in Figure 2b, using a PI
controller to compensate the current generation is unsuitable because of the time-delayed
response. Therefore, the conventional compensation method provides limited improve-
ments in response and memory usage.
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3. Proposed q-Axis Current Control for Maximum Power Control of Look-Up
Table-Based PMSM Control Method

3.1. Overall Concept of Max Power Control Method

As shown in Figure 2a, the interpolation error hardly exists in the constant-torque
operation region. Therefore, without an interpolated error compensation block under a
constant torque operation region, the diminished generation power is insignificant.

To reduce the stored memory for voltage magnitude, field weakening operation start
points of each speed are obtained experimentally instead of voltage magnitudes being
obtained throughout the operation region. Figure 4 shows the stored data of the field
weakening starting points. As shown in the figure, as the speed increases, the generated
torque reduces to a constant power generation. Additionally, the error between the practical
torque-speed curve and interpolated curve hardly exists; based on Figure 4, the composed
control block that determines enable or disable compensation block is shown in Figure 5.
Instead of using speed input, the estimated flux is used to reflect the input voltage variation
and reduce the effect of the interpolated error by speed. The conversion method from
speed to flux is defined using Equation (6).

Vs max
Ap = —— 6
= ©)

Subsequently, the activated condition of g-axis current compensation can be deter-
mined as:

if(Te = Tepw > 0) s sgn(Ty = Topw) =1

s § ()
if(T) — Topw < 0) : sgn(T; — TEFW) =0

| I I
I I
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Figure 4. Field weakening operation start points of each speed.
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Figure 5. Proposed interpolation error compensation method.

Based on Equation (7), the input of the compensation controller can be used with the
same input as the voltage feedback controller, which is generally used in the flux-torque
2D-LUT-based PMSM control method [8]. Therefore, it can be defined as Equation (8):

Vinag ®)

In contrast, two feedforward controllers are added to the previous compensation
method. As mentioned previously, the g-axis current variation in the field-weakening
region exhibits a nonlinear characteristic based on the torque variation. Consequently, one
feedforward controller is located for the g-axis current regulation and the other for the
g-axis current reference compensator. A detailed illustration is provided in the next chapter.

Vs_err = Vs,max -

3.2. Feedforward Control Method for q-Axis Current Reference Generator

The proposed feedforward controller for g-axis current compensation is composed of
voltage feedforward (Feedforwardl) and current feedforward (Feedforward2) control meth-
ods. First, voltage feedforward control is based on voltage error Equation (8). As shown
in Figure 6, the d-axis current reference stored in the LUT generates a proper current
for the voltage restriction ellipse. Therefore, if the d-axis current is well-regulated, an
insufficient voltage error is caused only by the g-axis current. Thus, the voltage error can
be modified as:

% : ;
Vacor = 2 [Q@rLyi 1, P @y + 212
)
Vi .
= - er‘ih;s_linl

V3
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where and 7, ;.. , i; s 1in are the linear interpolated d-axis and g-axis currents, respectively.
Using Equation (9), the compensation feedforward current can be easily obtained

using Equation (10).

e _ Vs
lqsfffl - erq (10)

This compensated g-axis current reference value should always be positive; therefore,
it has to respond only to a positive voltage error.

| ‘ g _},*
‘r lt * "\ ?gs__ﬁ’?
* {1 age \ i‘ —I—EP* | (k)
limitation S 5 " gs _linear
ellipse R E (T : Aig, (F)
I ‘o
g

ig‘v’és(i’-){--------- i (k—1)

- -7

lds

.i'*

¥ .T
?ds_.’.fuem' (k) das _linear (k BE 1)

Figure 6. g-axis current reference variation accordance with d-axis current reference variation.

However, the derivative of the g-axis current based on the d-axis current variation
from Equation (4) can be expressed as:

. [ . [4 .
(Lyigs)* = (== =+ Laigs + Ap) (S5 = Laiys = Af) (11)
digs _ —ZLd(Ldile +)\f) _ —Ld(LdiZlS +)\f) (12)
dily, 2L§igs Léi{75
Discretizing Equation (12) to discretize results in Equation (13):
igs(k+1) —ige (k) _ —La(Laigs (k) + Af) 13)

i (k+1) — i, (k) L2ir (k)

When Equation (13) is modified for the estimated next sample g-axis current, it can be
described as below, assuming that the back-EMF voltage is equal to the voltage references.
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—Lg(Lgil (k) + Af)

it (k+1) —if (k) = L2 () (igs (k +1) — i, (k)
- dei(ififgf;)(g LU AL) a9
- (1) (Zgg (1) i34
k1) = 0+ (E) R+ 1)~ (6 1s)

To implement Equation (15) in the current reference generator, substitute the practical
currents with current references, which is finally modified as Equation (16).

vt (k
) = 0+ () CE k1)~ ) 6)

Equation (16) indicates that if we know the proper d-axis current reference variation,
the g-axis current reference can be deduced from this variation. Figure 6 shows the g-axis
current variation as per the d-axis current variation. The ratio of dg-axis voltage reference
indicates the tangential component of back-EMF direction vector in dg-axis current domain;
therefore, with this direction vector, a suitable g-axis current reference for voltage limitation
ellipse can be obtained. However, as shown in the figure, there is a quantization error
i3 err (k) between the proper and deducted g-axis current reference values. If the control
period is not sufficient to ignore this error, a suitable gain that varies with v/* (k) must be
adopted to this gradient.

(k1) = i) ()

g (k)
ol (k)

) (s (k+1) — g (k) (17)

where & = f(v}(k)).
Consequently, another feedforward current reference can be obtained as below.

v (k)
ol (k)

Among the feedforward g-axis compensation currents, the final chosen feedforward is
the smaller value. Obviously, an error exists in the feedforward value because of incorrect
motor parameters, which can be regulated by the feedback PI controller based on the
back-EMF voltage magnitude.

The update period of the current reference should be much slower than that of the
current regulation cycle. Moreover, to obtain the effective voltage references regarding the
back-EMF, current regulation must be completed until the next current reference update.
Additionally, the tangential component of the back-EMF voltage direction vector has to be
properly limited, which means that although the d-axis voltage reference is zero, meaning
the g-axis current is zero, the calculated g-axis compensation current reference has to be
properly limited by the method that avoids zero division.

% [k L4
g2 =ligs(k=1) + “(fq)(

) igs_gin (k) = 5513 (k= 1))} — 05 430 (K) (18)

3.3. Membership Function for Feedforward Controllers

Two feedforward controllers are used for the field weakening current generator. the
majorly affected regions are different from each other. As shown in Figure 5, the low-pass
filter is selected to reduce the voltage ripple. Because of this low-pass filter, a delay exists,
and a small voltage error cannot be easily detected. Figure 7 shows how to choose the
effective feedforward controller during the field weakening operation region. Feedforward
controller 1(FF1), as described in Figure 5, requires a sufficient voltage error for effective
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feedforward operation. However, if the motor is operating at the flux/torque point stored
in the LUT, this voltage error is very small for feedforward control with FF1. Therefore, the
most effective region to compensate for FF1 is the middle range between points 1 and 2, as
shown in Figure 7. Conversely, the feedforward controller 2 (FF2) described in Figure 5
can effectively compensate for the current when the voltage error hardly exists because the
compensation current is determined by the tangential component of the dg-axis voltages.

Feedforward2 Voltage limit ellipse Feedforward2
operation operation

Feedforwardl
operation

Point 2 Point 1
i’ [n+1] Cmas i, [1]

Figure 7. Effective region of each feedforward controller.

Because the compensation current only affects the g-axis current, the operation range
of FF1 and FF2 is determined by the points of the d-axis currents stored in the LUT, as
shown in Figure 7. The interpolation error (e4y) is maximized in the middle of the stored
operating conditions, which can be described by the d-axis current as Equation (19).

ihn] +i [n+1]

Cmax = 5

(19)

To classify the operation region using Equation (19), the input of the membership
function p can be calculated using Equation (20), and the membership function for choosing
the effective feedforward controller is shown in Figure 8.

i~ () + g ln +1])/2)
|<125[n] o i;s[n + 1})/2|

As shown in the figure, this membership function operates the feedforward g-axis

current reference as in Figure 7. Note that if y is zero or one, FF2 is selected instead of

FF1. Consequently, a suitable transition of the feedforward g-axis current reference can be
obtained using Equation (21).

f@?

(20)

Si(w

f(n)

- 0 &u &xa 1

>

Figure 8. Membership function for feedforward g-axis current reference.
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Figure 9 shows the overall proposed LUT-based PMSM control method. In contrast to
Figure 3, the proposed control method comprises a flux-torque 2D-LUT, a determination
block in which g-axis current compensation is needed, and a novel g-axis feedforward
compensator. In this study, ex; was selected as 0.25, and €5, was set to 0.35.

*®

. F
ldq,g Vs _err
¥ v

Determination
for feedforward
operation

Proposed ¢-axis
current compensator

A

(2

Current
Controller

Inverter

Interpolation

S_

err

Estimator[1]

I a | Position
V dt Sensor
el

Figure 9. Overall proposed PMSM control block.

3.4. Experiment Result

The experimental setup comprises the target motor, the IPMSM inverter that enables
the interior PMSM (IPMSM) to have a constant speed, and the power electronics drive
system. Figure 10 shows the diagram of the experimental setup, where the speed of the
load motor is controlled by the load motor inverter, and the IPMSM is controlled by the
IPMSM inverter. The DC-link capacitor is shared in both systems, and an AC/DC PWM
converter is also used to maintain the DC-link voltage.

The rated power of the IPMSM is 15 kW, the rated speed is 3400 rpm, and the
rated torque is 38 Nm. Table 1 lists the parameters of the motor used in the experiment.
Although this IPMSM for the experiment might not be suitable for general automotive
applications in terms of power and torque, the validity of the proposed method can be
proven by it since it shares the same machine characteristics. The d-axis and g-axis current
maps for the Maximum Torque per Ampere (MTPA) control for the IPMSM, based on the
motor speed and torque, were made through experiments, as shown in Figure 11. For more
challenging experimental conditions, the data storage for the current map was minimized.
In this study, the current map data for the experiments were stored by one-fourth of the
maximum torque, which only has the current data for two torque points except for the
current data for the maximum and zero torque control. The output power is lower than the
known parameter of the actual motor because the parameter becomes incorrect owing to
the experimental conditions, such as the saturation effect.
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Inverter for Inverter for AC/DC PWM
IPMSM Load Motor Converter

IPMSM Torque Sensor Load Motor

Figure 10. Experimental motor-generator setup.

Table 1. Experiment condition.

Parameters Value

Number of poles (P) 8
d-axis Inductance (L) 442 uH
g-axis Inductance (L) 487 uH
DC-Link Voltage (V) 200V

Max Current (Ljqx) 157 A

Rated Speed (w}*¢) 3400 rpm

Max Speed (w;"*¥) 12,000 rpm

Max Torque (T¢) 38 Nm
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Figure 11. Current maps using in experiment d-axis and g-axis current map.

Figure 12a shows the field weakening operation experiment when only the 2D-
Interpolation is adapted [10,11]. it is linearly compensated based on the current data
for the field weakening operation, and the error between Vju,x and Viy,e shows the er-
ror between the voltage limit ellipse and back-EMF. This means the output power is

lower than the maximum output power available for the corresponding speed in the
conventional method.

20[ 4]
10[ A] i’

0L4] J

214] i

— gs _comp
ot SRS PO IO S .
V =V

I[V] max mag
Lo

~ —20[ 4], —15[ 4], —10[ 4], 3| AJf 0[A4],
< o

(a) s

Figure 12. Cont.
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0[ 4] !
| 2[ 4] i
qgs _comp
Lot }
1] | B
Vm Vmag
14 | . |
—20[ 4], —15[ 4], —10[ 4], —S[A]I O[A]|
¥
(C) lds

Figure 12. Field weakening operation waveform (4000 (rpm), 0 (Nm)—25 (Nm)) (a) 2D-Interpolation adaptation [10,11];
(b) proposed method adaptation only used feedforwardl and PI [17,18]; (¢) proposed method adaptation used feedforward1,

feedforward2 and PI.

Figure 12b shows the waveform of the experimental result when the g-axis current is
compensated using Feedforwardl and the PI controller under the same conditions as in
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20[A/div] Proposed q-axis“ 20[A/div] Proposed q-axis“
Method Method
Conventional Conventional
Method Method
@,: 9000[rpm ]
T 20[Nm]
e i @ 12000[rpm]
S8[Nm] v
Te - 12|Nm|
‘d-axis d-axis

Figure 12a [17,18]. As shown in the waveform of the experimental result, V¢ increases
with i, which is the g-axis current, increasing owing to igs ;- There is a moment when
Vinag becomes larger than Viu,.y; however, this phenomenon results from reflecting the
characteristics of the PI controller. Consequently, the error between the voltage limit
ellipse and back-emf voltage, represented by the error between V;,,, and Vinag, is reduced;
nonetheless, some negative error remains because of the aforementioned delay from the
low-pass filter.

Figure 12c shows the experimental results when the proposed “PI controller” and
“Feedforward1” and “Feedforward2” feedforward compensators are adapted. As indicated
by the i waveform in Figure 12¢, the dg-axis current locus draws an ellipse instead of
a straight line, unlike the i, in Figure 12a, to which the conventional method is applied.
The reasons are as follows. As shown by the i ,,,, waveform, the g-axis current reference
was compensated by the proposed g-axis current compensator, as shown by the i7¢ ;.
waveform. From the Vi;px — Vg waveform, the error between Viyax and Vi, is reduced
in the field weakening region through the increase in the g-axis current compared to the
conventional method. Therefore, the proposed method can achieve maximum power
control even if there are no current data generated offline.

Figure 13 shows a comparison of the experimental results of the conventional compen-
sation method using 2D interpolation and the proposed compensation method.
As shown in the figure, the proposed method outputs more power than the conventional
method. As can be seen in Figure 13, there are three-point LUT data at 9000 rpm and two
at 12,000 rpm. Therefore, it can be confirmed that the difference in Figure 13b is larger than
the difference between the proposed method and the conventional method in Figure 13a.
Consequently, the smaller the number of look-up table data, the better the performance of
the proposed method.

A

A

(a) (b)

Figure 13. Comparison of the conventional method using 2D-Interpolation and the proposed method in field weakening
operation. (a) 0 to 20 Nm at 9000 rpm, (b) 0 to 12 Nm at 12,000 rpm.

4. Conclusions

This paper proposes a compensation method for interpolation errors to control the
torque of the PMSM. To explain the need for the proposed method, we analyzed the
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problems of the conventional speed-torque 2D-Interpolation method, and based on the
analysis results, the output was improved compared to the conventional method by com-
pensating for the g-axis current in the field weakening region. In particular, it was verified
through experiments that the proposed method can sufficiently improve the output even
if a small number of LUT data are used. However, tuning the additional compensator
might be time-consuming for low-inertia applications. Therefore, model-based tuning
with further analysis is suggested in the future to improve the performance in terms of the
transient state.
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Nomenclature

T Torque reference

Ar Rotor flux

wy Rotor speed

V;‘;‘s d-q axis Voltage reference

Vie DC-link Voltage

0, Rotor position

Plcontroller ~ Proportional-integral controller

Vinag Voltage magnitude

Vinax Maximum voltage

iscomp g-axis compensation current reference
i om p d-axis compensation current reference
Vserr Voltage error

LPF Low Pass Filter

i;: 11 Feedforward1l g-axis current reference
i;: 12 Feedforward?2 g-axis current reference
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