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Abstract: A large number of permanent magnet synchronous motors (PMSMs) are used to drive coal
conveyer belts in coal enterprises. Sensorless energy conservation control has important economic
value for these enterprises. The key problem of sensorless energy conservation control for PMSMs
is how to decompose the stator current through estimating the rotor position and speed accurately.
Then a double closed loop control for stator current and speed is formed to make the stator current
drive the motor as an entire torque current. In this paper, the proposed startup estimation algorithm
can utilize the current model of PMSM as reference model to estimate the rotor speed and position in
the startup stages. It is not dependent on the back electromotive force (EMF) which is used by the
general estimation algorithm. However, the resistance will change with the temperature shift of stator
windings, and these changes will cause the reference current model to be inaccurate and influence
the rotor speed and position estimation precision. Thus, startup estimation algorithm switches to
the proposed operation estimation algorithm which is based on the robust sliding mode theory
and is not dependent on the motor parameters. The advantages of startup estimation algorithm
and operation estimation algorithm are combined to form a hybrid observer. This hybrid observer
realizes the accurate estimation of the rotor speed and position from start-up to operation. The stator
current is precisely decomposed. The excitation current is controlled to 0. Meanwhile, the double
closed-loop control of current and speed is achieved. The stator current is as entire torque current
to drive motor. The closed-loop control, which is based on the proposed rotor position and speed
estimation algorithm, achieve the most efficient conversion of electrical energy.

Keywords: stator current decomposition; most efficient energy conversion; hybrid observer for rotor
speed and position; startup estimation algorithm; operation estimation algorithm

1. Introduction

The permanent magnet synchronous motor (PMSM) is widely applied in industrial fields, such as
electric vehicles, elevators, and other high-power transmission systems [1,2] because of its high power
factor and high energy density. In a coal mine enterprise, are a large number of PMSMs are used to
drive coal conveyer belts. The PMSM that drives the coal conveyer belt often starts and operates with
a full load of coal. With the general driven method for PMSM, the current of PMSM needs to exceed
the 50% rated current to meet the torque requirement with a full load coal. In other words, it takes the
1.5 times the rated current to produce the rated torque by the normal method, and 50% of the energy is
wasted. This will seriously affect the economic benefits of the coal enterprise.
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Some literatures [3-6] have studied how to increase the torque and reduce the torque ripple,
but their feedback about rotor position and speed are measured by speed or position sensors. In order
to adapt to the harsh working environment in coal mine such as abundant dust and high humidity,
the drive motor is controlled without position and speed sensors to ensure the stability and reliability
of the transmission system. The high speed performance of PMSMs is improved by designing and
optimizing the rotor structure in [7], but if the control performance of PMSMs is low, the structural
improvement of high speed performance will be limited.

In order to ensure the high control performance of PMSMs, a double closed loop control for
stator current and speed is adopted to make the stator current drive the motor as an entire torque
current. Thus, the current must be decomposed accurately. The key of current decomposition is to
estimate the rotor position and speed accurately and form a double closed loop control. The estimated
rotor position can decompose the stator current into torque current and excitation current accurately,
meanwhile, the excitation current is controlled to 0. The estimated rotor speed can be fed back to the
closed-loop control of speed.

The speed and rotor position estimation methods are divided into several categories. At present,
the estimation method based on back-electromotive force (EMF) is widely studied [8-13]. On examining
these references, the speed and rotor position are estimated by innovative algorithms based on the
back-EMF signals. However, in the startup stage, the speed is very low and the back-EMF is not
induced effectively. Therefore, in the start-up stage, the back-EMF signal is weak and easily disturbed.
The accuracy of the estimation algorithm based on back-EMF will be greatly influenced by this weak
and disturbed back-EMF in this startup stage.

To solve the problem that the back-EMF cannot be utilized to estimate the speed and rotor position
in the stage of start-up, in [14-20], the rotor position and speed are estimated by the signal injection
method. Many other injection signals are selected for sensorless control of PMSM. They include
pseudo-random high-frequency square-wave voltage injection [14], square-wave signal injection [15],
carrier signal injection [16], HF test current injection [17] and high-frequency signal injection [18].
However, these injection signals are superimposed on the normal drive signal to excite the motor.
Therefore, these special injected signals will cause the fluctuation of the electromagnetic torque easily.

In [21], the sliding mode control is applied to improve the performance of sensorless PMSMs.
However, the focus of this article is on high speed control of PMSMs. The PMSM in this paper needs to
be adjusted from low speed to high speed. Under low speed, the phenomenon of chattering in sliding
mode theory will lead to a larger rotor position and speed estimation error.

A research on nonlinear control for PMSMs was done by [22]. This back-stepping technique is
very effective in improving the performance of the PMSM, but the speed feedback in back-stepping
technique needs to be measured by an encoder. In order to adapt to the harsh working environment
in coal mines such as abundant dust and high humidity, the PMSM in this paper needs to adopt the
sensorless control mode without encoder.

In a previous work [23], an improved phase-locked loop is used to estimate the position and
speed of sensorless PMSMs only at high speed too. The rotor position is estimated by variations
of inductances in [24], but the identification excitation signals, which are injected into the motor to
identify the inductance when the motor runs, easily cause control signal distortion at high speed.
A study on estimation for rotor speed and position was done by [25] according to a novel zero-sequence
model. Previous work, such as [26], deals only with the estimation of rotor speed and position based
on the back-EMF model. The approach taken by [27] is model predictive control for sensorless drive of
PMSMs. The predictive model is derived by the state equation of PMSM in the a- two-phase stationary
coordinate system. A paper relevant to estimation for rotor speed and position was published by [28].
In this reference, an extended flux model is used to estimate rotor speed and position. Both the
PMSM state equation and all kinds of standard models of PMSM depend on the motor parameters.
The estimation error easily increases when the standard models change because of the variations of
PMSM parameters.



Energies 2018, 11, 2554 3 0of 23

In [29,30], although the torque and flux linkage of PMSM can be controlled under variable
parameters, the control method of these references is applied to low-power PMSMs. In addition,
the online parameter identification [31-34] can also solve this problem. The details on parameter
identification are discussed in [35], where the results of parameter identification are imbedded into
an intelligent drive algorithm to correct the PMSM model in real time. However, the combination of
the online identification algorithm and the estimation algorithm will greatly take up the calculation
resources of the DSP. This will lead to the poor real-time performance of the controller. The research
reported in reference [36] focuses on an accelerated algorithm for parameter identification, but this
algorithm requires additional processor and hardware support. Considering that the stator resistance
will change with the temperature shift of the motor stator windings, there is a functional relationship
between resistance and temperature. Some studies on temperature estimation of stator winding are
discussed in [37,38], but the function relationship between temperature and stator resistance is too
complex. The stator resistance cannot be estimated accurately by using the temperature in real time.

In order to ensure that the rotor speed and position can be accurately estimated from startup
to operation, in this paper, aiming at the problem that the estimation error for rotor speed and
position is large because of the weak back-EMF in the startup stage, a startup estimation algorithm
which is based on current model of PM motor and independent on the back-EMF signal is proposed.
Aiming at the problem that the estimation error for rotor speed and position is large because the
variation of resistance can cause an inaccurate reference current model of the PMSM in the operation
stage, an operation estimation algorithm which is based on the robust sliding mode theory and is
not dependent on the motor parameters, is proposed. Meanwhile, the inaccurate estimation of the
operation estimation algorithm in the startup stage can be compensated by the startup estimation
algorithm. The two algorithms form a hybrid observation algorithm to ensure the stable and reliable
operation. According to the accurate estimation for rotor position and speed, a closed-loop system
is implemented. The stator current is controlled as the whole torque current to drive the motor, and
the energy consumption of PMSM is greatly saved. Meanwhile, the influence of current on rotor flux
is eliminated, and the electromagnetic torque is more stable. The out of step situation for PMSMs
because of the unstable electromagnetic torque has been avoided. The PMSM starts directly, and its
reliability has been improved greatly.

In the Materials and Methods section, the principle of energy conservation during startup and
operation of a PMSM and the general method for starting and controlling the PMSM are introduced.
The theoretical analysis and algorithm design of proposed start-up estimation algorithm and operation
estimation algorithm are given. In the Results (Section 3), the PMSM experimental platform is described.
On this experimental platform, the proposed algorithm is verified according to the experiment results.
In Section 4, the obtained results and how these results can be perceived in perspective of previous
studies that have tackled similar problems are discussed. Finally, the conclusions are drawn in the
final Conclusions section.

2. Materials and Methods

2.1. Principle of Energy Conservation in Startup and Operation of PMSM

Because the energy of the PMSM is essentially reflected by the current, the efficiency of controlling
PMSM energy conversion is actually the efficiency of controlling current work. As shown in Figure 1,
the current space vector i; is composed by i,, i, and i, in stator windings. is can be decomposed into
a component i5,, which is oriented to the direction of rotor flux ¢y and a component is; which is
orthogonal to the direction of rotor flux i;. The electromagnetic torque T, is generated by the rotor
flux Py an is) . It can be expressed as a formula T, = k-i, LWy, where, k is a constant. Meanwhile,
the i;,, will generate the increasing magnetic effect or the weakened magnetic effect for the rotor flux
¥y It is/, generates the weak magnetic effect for the rotor flux ¢, then this part of the current will be
equivalent to counteract the torque effect which is generated by the torque current. This part of energy



Energies 2018, 11, 2554 4 of 23

which plays a negative role is a huge waste. If i;, ; generates the increasing magnetic effect for the rotor
flux ¢, since the magnetization point of the rotor is generally designed near the saturation region of
the magnetization curve, increasing magnetic by current will lead the magnetization point of the rotor
into saturation region of magnetization curve. It means that even if the current increases, the flux i
will not increase again. This part of the current is also wasted. When the motor starts, the phenomenon
that the motor current is large but the output torque is small often occurs. The reason is that a large
part of the stator current does some useless work, and the actual torque current component is small.
Thus, we have to increase the amplitude of is to increase the torque current, but with this method,
the excitation current is also greatly increased, it results in a great waste of energy. The emphasis of
this paper is to reduce the starting current from three times or even five times rated current to the
rated current, meanwhile, the starting torque is not reduced. It means that the entire stator current is
controlled to produce torque. The efficiency of energy conversion is greatly improved.

c

Figure 1. Vector diagram about current decomposition based on initial rotor position.

2.2. The General Method for Sensorless Starting and Controlling PMSM

The rotational conduction of two-phase stator windings is adopted as the general senseless
drive method for PMSM. When phase-b is disconnected, while phase-a and phase-c are connected in
series, the flux generated by current in phase-a is F5. The flux generated by current in phase-c is Fc.
The synthetic flux of Fa and Fc is Faoc, which is oriented to Y. Similarly, the next moment, as shown in
Figure 2b, phase-a is disconnected while phase-b and phase-c is connected in series. The synthetic
flux of Fp and Fc is Fpc, which is oriented to A. In this way, there are six combinations because of the
two phase conduction in the three-phase stator windings. These six combinations make the space
flux to rotate around the stator space, as shown in Figure 2c—f. Electromagnetic torque produced by
interaction of space flux and rotor flux drives the rotor to rotate. This general drive method is reliable,
but the rotor needs to be dragged to the given position to determine the switch order before starting
the PMSM. A large DC current needs to be provided before startup to drag the rotor to the given
position. With this method, when the PMSM connects with a heavy load, the current of driving rotor
needs to be very large. It is easy to cause the over-current fault in the inverter. In addition, because
the synthetic flux has only six directions, the component of the synthetic flux along the rotor direction
is not 0. This part of the non-zero flux, which is produced by the current along the rotor direction, is
not involved in the formation of the electromagnetic torque. Therefore, this part of the current will be
wasted completely.

2.3. The Double Closed-Loop Startup and Control Method for PMSM Based on Hybrid Observer

Figure 3 shows the principle of sensorless double closed-loop control and the hybrid observer
design scheme. The key of double closed loop control is the accurate estimation of rotor speed and
position. By this hybrid observer, the rotor position can be estimated accurately. If the rotor position is
estimated accurately, the space current vector can be decomposed into the component current whose
direction is along the rotor flux and the other component current whose direction is perpendicular to
the rotor flux. The current component whose direction is along the rotor flux direction is controlled to
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0. Thus, the space current vector can be controlled to be orthogonal with the rotor flux. The enough
electromagnetic torque can be produced.

Figure 2. Schematic diagram of stator winding conduction and synthetic flux.

rectifier _ Inverter

i combination

Figure 3. Sensorless double closed-loop control and the design scheme of hybrid observer.
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The hybrid observer consists of start-up estimation algorithm and operation estimation algorithm.
In the start-up algorithm, the Lyapunov function is designed to estimate the rotor speed and position
according to the PMSM current model. The startup estimation algorithm doesn’t depend on the
back-EMF when the motor starts, however, it depends on the motor parameters. When the PMSM
outputs power, the resistance of the PMSM will change with the temperature shift of the stator winding.
These changes can cause the reference current model to be inaccurate and lead to inaccurate estimation
for rotor speed and position. In this case, the start-up estimation algorithm switches to the operation
estimation algorithm which is independent on motor parameters when the motor is running for a
period of time.

In this proposed operation estimation algorithm, the system is controlled to operate on the
designed sliding surface on which the estimation of rotor speed and position is independent on motor
parameters. The speed and rotor position can be estimated accurately. Figure 4 shows a flowchart of
the hybrid observer. The advantages of the two algorithms are combined to form a hybrid observation
algorithm. When @ < wygiyen, it means that the PMSM is in the startup stage and the back-EMF has not
been effectively induced, the estimation algorithm based reference current model is adopted. When
w > Wgiven, it means that the PMSM is in the operation stage and the back-EMF has been induced,
the estimation algorithm is switched to the operation estimation algorithm.

Calculate ; ; @ @according

Y

Calculate ; i, and ; I according
the current model‘of PMSM

the current‘mlodel of PMSM
in - f stationary coordinate

*4

v

Calculate ¢,,and ¢, according

Adjust K to satisfy the sliding
condition i.i <kfi| , such

that i—=0 1—‘:(1{, l),(lﬁ tﬁ)}

the estimated ; | fand the
measured 7,1,

>y

Adjust® in digital current
model of PMSM, such that

Linearize the error equation
under condition i — 0?

*4

Adjust K, K,to stabilize the
error function

| Output the estimated é)|

| Output § and @& |

| Do integral for @ and output é|

Figure 4. The flowchart for the implementation of hybrid observer.

2.4. The Derivation of the Voltage Equation of PMSM in a-B Two-Phase Stationary Coordinate System and d-q
Two-Phase Rotation Coordinate System

As shown in Figure 5, space vector i can be represented in the A-B-C three-phase coordinate
system, and it also can be represented in the a-f coordinate system as follows:

N

2 . ,
is= \/;(iA +igel3T 4 icel3T) = iy + jig 1)
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where, the coefficient \/g is used to guarantee the equal-vector transformation.

C

Figure 5. Schematic diagram of winding relationship in different coordinate systems.

Whether in a three-phase coordinate system or in a two-phase coordinate system, the space
voltage vector equation of the PMSM can be expressed as follows:

N

:R s
Usg 15+ dt

@

Because the rotor of PMSM in this paper is surface-mounted, the air gap between the rotor and
the stator is uniform, the phase inductance and resistance are symmetrical. In addition, the space flux

N

vector 1P, is composed of the stator flux vector Lis which is generated by three phase currents and

rotor flux vector 1. Therefore, the following equation can be obtained:

N

p,=Lis+ 9, ©
As shown in the Figure 5, the rotor flux vector JJ\r can be represented as follows:

9 =kpel” @)

where, k¢ represents the amplitude of the rotor flux vector and 6 represents the angle of the rotor

flux vector.
Substituting Equations (3) and (4) into Equation (2), we can get:

i

s = Ris+L—=+ — ©)
Since: R

is = izx + jiﬁ (6)
Uy = g+ jug @)

Ay, d(kpel?) g
T T jwkg(cos 0 + jsin) 8)
Substituting Equations (6), (7) and (8) into Equation (5), meanwhile, sorting out the equation,

we can get:
Uy \ iy L 0 i iy —sinf

(Ll/g >_ llg + 0 L ‘|df[lﬁ +kfw cos ] (9)
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This is the voltage equation of PMSM in the «-B two-phase stationary coordinate system.
The transformation of PMSM equation from a- two-phase stationary coordinate system to the
d-q two-phase rotation coordinate system is called the Park transformation. The transformation
relationship of voltage and current is as follows:

g | _ [ cosf —sinf | -ud (10)
ug N sin 0 cos @ Ug
in | B [ cos6 —sinf || ig (1)
ig N sin 6 cos 6 iq
Substituting Equations (10) and (11) into Equation (9), we can get:
{cose ~sind } { ud} . [cosﬂ —sind } { id} . {L 0 } dg |:c059 —sind } id} o sine} (12)
sinf cosf Ug sinf cos @ i 0 L |9|sinf cosf iq cosf
Since:
cos 0 —sinf cos 0 sin 6
=1 13
[ sin 6 cos ] [ —sin6 cos 6 ] (13
Sorting out Equation (12), we can get:
Uug R 0 id 0 —wL d iz;l 0
= — 14
[uq] [0 R | ig |7 wr o at|ig |7 kw (14)
This is the voltage equation of PMSM under the d-g two-phase rotation coordinate system.
The motion equations of PMSM are as follows:
Jdw
pdr T, — T — Bw (15)
where, the electromagnetic torque equation is:
3 ..
T, = Epkfls sin¢ (16)

in addition, T; is the load torque; p is number of poles; | is the moment of inertia; B is the viscous
friction coefficient; ¢ is the angle between the current vector and the rotor flux.

As shown in Figure 5, the is sin ¢ in (16) is actually the component of the current vector on the 4
axis. Therefore, the i sin ¢ can be represented by i, and iz as follows:

issin¢g = igcost — iy sinf (17)

Substituting Equations (16) and (17) into Equation (15), meanwhile, sorting out the equation, we
can get:
dw 3 p*ky B T

E:ET(i;;cosG—iasiHG)—p]w—pT (18)

o

i w (19)
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Combining Equations (9), (18) and (19), we can obtain the state equation of PMSM in a-
two-phase stationary coordinate system:

diy

. k .
dt —Riy+ Fwsin + %
di k ]
3 R; L
dr _ I wacosﬂ + Tﬁ (20)
dw o 3 szf . T B T;
g 37 (igcost —iysinf) — pTw —p4
a0 w
dt

2.5. Theoretical Analysis of Start-Up Estimation Algorithm

According to Equation (14), the state equation of the PMSM in the rotating coordinate system can
be described as:

di . .
L34 = —Riy + wig +uy
By i @)
L4} = —Rig — wig — Prw + uy
Assume that Iy =iy + ¢, /L, I; = ig, Uy = ug + R, /L, Uy = uy
Equation (21) can be converted to the following form:
Idz —%Id—f—wlq—f—%ud (22)
I = —wly - ¥, + Lu,
The estimated equation can be obtained according to Equation (22):
}z—%}+c&1},+%ud )
fo_ ot  RF 41
g=—wlg— Tl + Uy

The error equation between the estimated equation and physical equation of PMSM can be
obtained by implementing these two equations subtraction operations Equation (23)-Equation (22).
Let:
e = I — I (24)

erg=1Ip— I (25)

The error equation can be expressed as follows:

éId: —%em—i—d)fq—wlq (26)
H AT R
€1 = —wId +w1d — 16y

The Lyapunov function can be designed as follows:

L o, 1 5 1 2
V= EEM + Eelq + EE(&]_w) (27)
The differential of V can be expressed as:
V = epers +ergery + €(—w)8(—w) (28)

Since V > 0,if V < 0, then V — 0. Substituting Equation (26) into Equation (28) and according
to Equations (24) and (25), we can get:

V= —Z(E[dz + E[qz) + (Id — Id)wlq — (Id — Id)wlq —|—(Iq — Iq)wId — (Iq — Iq)wld + E(w_w)E((&_w) (29)
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Simplify Equation (29), and define e(;,_,) = @ — w, we can obtain:

. R . . .
V= _Z(Eldz +erg?) + e(ow) (laly — lalp) + e(o—w)f(o-w) (30)

From Equation (30), the relationship between the differential of speed error and the current can
be obtained:

e(o—w) = (Ialy — Ialy) (31)

Substituting Equation (31) into Equation (30), we can get:

: R
V= —Z(e,d2 +egy%) <0 (32)

The integral of Equation (31) can be written as:

Clo—w) = /(fdlq — Ialg)dt + e(o_)(0) (33)

where, ¢(;,_ ) represents the error between the estimated speed and the real speed. When the motor
starts, e(q_)(to) = 0, @(tg) = 0 w(tp) = 0, The first estimation for speed after startup is this error
@(t) = e(@—w)(t1) + w(ty). The second estimation for speed is as follows: W(t2) = @(t1) +e(—q)(t2)-
By analogy, the estimate speed of the next moment can be obtained according to the error. Meanwhile,
the rotor position can be obtained by integral of the speed 6 = fot wdt. Figure 6 shows the diagrammatic
scheme of startup estimation algorithm for rotor speed and position.

Current model of
€ia»Cig

lgital current model

A A

(ﬁesign Lyapunov functions to
adjust the ¢ in digital
current model of PMSM, such

hat e,,e, —0

Figure 6. Design scheme of start-up estimation algorithm.

2.6. Theoretical Analysis of Operation Observer Algorithm

According to Equation (20), the state equation of PMSM in a- two-phase stationary coordinate
system can be regarded as a nonlinear system:

X =f(X,U,rt) (34)
where X = (i, iﬁ,w,Q)T.

In Equation (34), the state variable can be divided into two parts, one part of the state variable
is (iq, ilg)T which can be measured. The other part of state variable is (w,8)” which is needed to be
estimated by the designed observer.

The easily measured state variables 7, and i p can be defined as:

X1 = (ia,ig)" (35)
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The needed to be estimated state variables (w, G)T can be defined as:
Xp = (w,0)" (36)

Equation (34) can be written as follows:

X1 = fi(X,U,1) (37)
X, = fo(X,U,1) (38)
where according to Equation (20):
Ry M sing 4t
AX U ) = e L Lo M (39)
-3 fk—waOSGJr”i 2
L'B~ T L
éﬂ(i cos0 —iysinf) — pEw — plt f21
X Ut)y=| 27T Vp « PTO=PT | = (40)
w f2

According to the description of state equation of PMSM, a digital model can be constructed in the
processor. The input of the digital model is equal to the actual input of motor. The state variables in
the digital model are the estimation quantities of the state variables of the PMSM.

The digital model of PMSM in processor can be expressed as:

X = AKX U t) - K Ps (41)
Xy = (X, U, t) — KoPs (42)
where P; = (sgn(e),sgn(ez), - - )T, and ¢; = %; — x;.
Since:
1 >0
sgn(ei) = { . 02 (43)
>
the following equation can be obtained:
eisgn(e;) = |e (44)

The idea is that the error equation between the estimated equation and physical equation of
PMSM can be obtained by implementing two subtraction operation Equation (41)-Equation (37) and
Equation (42)-Equation (38). The error equation can be expressed as follows:

Ei = fi(X, U, 1) — f1(X, U, t) — Ky P, (45)
Ey = fo(X, U, t) — fo(X, U, t) — Ky P (46)
where: A
Elz(leXl): ( l}_l.a > (47)
ip—1p
A w—w
Ez—(Xz—Xz)—< i_o ) (48)

If the state variables in the error state equations converge to 0, we can consider that the estimation
values of the state variables have converged to the real values. Therefore, by comparing the measurable

.o N . . . . .
(ia,1 ﬁ)T and the outputs (i, 1)  of the operation estimation algorithm, the system is controlled on the
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designed sliding surface on which the estimation of rotor speed and position is independent on motor
stator resistance.

In Equations (45) and (46), f1(X,U,t) and f,(X, U, t) respectively are expanded as the Taylor
series near X = X, and the high orders polynomial above 2-order are ignored. The linearized equation
of state equation can be obtained:

A 0 N
AX U ~ fA(XU L)+ f1|X c(X=X) (49)
N 9 N
FX U ~ H(ZU L) + fzyx J(X—X) (50)
3y o Ofi .. Of A A A
sx (X —X) = ax; =% (X1 —X1) + ax, o= (X2 — Xp) = A (X1 — Xq) + A (X2 — X2) (51)
where: ’f ’f
u 9 R
Jiy 815 -7 0
An = ( o e ) - ( oL R ) (52)
iy dig L
A ag% ag% kffsiné kffcbcosé 53
L TP i P N K osd Kosingd )
% o6 —1 cosf f@sinb
df2 o Of2 N df2 A
3x (X —X) X, | X1=% (X1 —Xp) + X, | X=X (X2 = Xp) = Ap (X1 — X1) + A (X2 — X2) (54)
where ,
1 f: ke . oA
e o\ 37 sind 0 -
21 = dfsy  Ifp B 3p f A (55)
diy aiﬁ 0 ET cos @
9f1  9fn B 3 Pky 3Pk 2
Ay = dw 00 [ —r7 —3a7 ﬁsmG 2T la cosf (56)
9fn  9fn 1 0
Jw a0

Thus, Equations (45) and (46) can be written as:
Ey = AnEr + ApEy — Ky Ps (57)
Ey = ApEy + AnEp — Ko (58)
Since X1 = (iq, iﬁ)T can be measured, sgn(E;) = sgn(X; — X1) can be known. To design sliding

surface S = gl ) = < zf‘ a ?X ) = 0 and to control the system operating on this sliding surface,
2 BB
the following condition must be satisfied:

55 < —0l$| (59)
S]‘Sl = €1~é1 = 61[—Lel + kff smé(d) - CU) + kff(lf) COSé(é — 9) (60)
—kssgn(er)] = —ke? + [ sinf(@ — w) + kffd) cosB(6 — 0)]e; — ke
$2:85 = 6y = ex|—ker — L cos (@ — w) + Lasind(B — ) — k, -
sgn(e)] = —kex? + [~ £ cosB(@ — w) + Lsinf(0 — 0)]es — ksles|

where:
sgn(e1) = sgn(in — in) (62)
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sgn(ey) = sgn(fﬁ — iﬁ) (63)
Thus, if:
f o A ka A A kf AL ka.,\A
ks > max{ T sinf(w — w) + T @cos (0—10)|, A cos (& — w) + fwsmﬁ(e —-0)|}  (64)
then: .

E1-E1 < —0l|Eq] (65)

We can get:
Ei=E; =0 (66)

Substituting Equation (66) into Equation (57), we can get:

0=0+ ApE; — Ky Ps (67)
where:
ks O
K = 68
1 0 ki 1 (68)

Substituting Equation (66) into Equation (58), we can get:
Ey = ApE; — KoPs (69)
Substituting Equation (67) into Equation (69), and eliminating Ps, we can get:
Ey = (Ap — KoK 1 Ap)Es (70)

Therefore, the equation can be stabilized as long as the eigenvalues of the matrix
(Ap — KoK LA1y) are assigned to the negative real part.

Thus, E; — 0= cg : ;] . Then it can be considered that the estimation values for rotor
position and speed converge to the real value.

The following is the pole assignment for the equation (A — KoKy 1A12).

We can achieve the stabilization for the Equation (70) by designing K.

Since:

B 3Pkre s 3 p7kes )
Ap = ~PT —ijzﬁ sinf) — ijl,x cos 6 (71)
1 0
If we design A, > 0, A, > 0, such that:
_ A O
KoK 'Ag, :( 1ﬂ A ) (72)

then:

(A — KoK TAgp) = ( P (73)

has characteristic roots with the negative real. Finally, the stabilization of the equation is accomplished.

k A k A
ff sin 0 ffd) cosf
Ap = K (74)
T

kf A
—1 cost

Considering:
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Then, KoK 1 contains the factor:

kL sinf —kL cosf
H=| ,’ N (75)
pwcos® wsind
f f
such that:
1 0
HA{, = ( 0 W ) (76)

Meanwhile, existing L such that:

(1 0\ [ A 0
LHA12—L<O w2>_< ) Ah) (77)

Ae O
L=< 1 Ab> (78)

Therefore, we can get:

L Agsinf —Agcosf
KKl =LH=— . 5 o N 79
2™ kf< sinf + Ay cosf —cosO+ Ap@siné ) )
ksL Agsinf —Agcosf
Ky = — " o A o 80
2 kg ( sinf + A, cosf —cost + Ay sin6 80)

From the above analysis, it can be seen that the gain matrices K; and K, are determined by
choosing A, > 0, Ay, > 0, and the expression form of Equation (72) can be obtained, thus the poles
of the matrix (A — KoK LA},) are assigned to the negative real part. Finally, the target that error
state Equation (70) converges to 0 is achieved. It means that E; — 0, the estimation of the speed and
rotor position converge to the real value. Figure 7 represents the diagrammatic scheme of operation
estimation algorithm for the rotor speed and position.

On sliding surface, the estimation
_ of rotor speed and position is
independent on motog ngflgleters.

124

ez —0
if
L
u ei ’ei Jew’ee)
Ea 2> lAE :’ Cba é)
Estimated
Figure 7. Design scheme of operation estimation algorithm.
3. Results

3.1. Introduction of the Experiment Platform

The proposed estimation algorithm of hybrid observer has been successfully implemented on the
experimental platform shown in Figure 8. The experimental platform consists of the control system
and the experimental motors. As shown in Figure 9, the experimental motors consist of the PMSM and



Energies 2018, 11, 2554 15 of 23

the load generator. While the PMSM starts, the load generator will power on and produce the reversed
electromagnetic torque as the load.

The estimation algorithms are digitally implemented with the high speed Texas Instruments
DSP (TMS320F28335), which is a new 32-bit floating-point DSP Controller provides 150 MHz CPU
frequency, 18 PWM outputs, and so on- based control board. Full-controllable switching devices are
adopted in the inverter. The double closed-loop method is adopted to control the PMSM. The inner
loop of the double closed-loop is the current loop and the outer loop of the double-closed loop is the
speed loop. The feedbacks of rotor speed and position are provided by proposed hybrid observer.

PMS motor Flexible couplings Load gennerator

\

Figure 9. Experiment platform for start-up and operation with load.
3.2. Description and Analysis of the Experimental Results

Firstly, define the three stages in Figure 10, Stage I: startup stages, Stage II: the stage of just reaching
given speed, Stage III: the stage of operating for a period of time at given speed. Figure 10 shows
the speed which is estimated by operation estimation algorithm and start-up estimation algorithm
respectively and its error from stage I to stage III.

The middle of Figure 10b shows the speed estimated by start-up estimation algorithm from stage
I to stage III. According to the start-up estimation algorithm, the Lyapunov function is designed to
estimate rotor speed and position based on the current model of PMSM in the startup stages. As shown
in the middle of Figure 10b, the start-up estimation algorithm which is designed according to the
designed scheme in Figure 6 can achieve a good observation accuracy in stage I. The estimation error
is only 1.4%. However, because the large current can make the stator winding heat and cause the
stator resistance change, these changes will lead to an inaccurate reference model. The observation
accuracy of start-up estimation algorithm has gradually decline. As shown in bottom of Figure 10b,
the estimation error of the start-up estimation algorithm reaches to 2.96% in stage II. At the stage III,
as shown in top of Figure 10b, the estimation error has reached to 5.52%. It can be predicted that with
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the motor continues running, the start-up estimation algorithm will gradually become invalid even
not convergent.

Therefore, it is necessary to switch the operation estimation algorithm which is independent on
motor parameters. Middle of Figure 10a shows the speed estimated by operation estimation algorithm
from stage I to stage III. From middle of Figure 10a, it can be seen that the estimation accuracy of
operation estimation algorithm is very poor in stage I because the inherent low frequency chattering
on the sliding surface. The estimation error reaches 42%.
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Figure 10. Speed estimation and its error (a) operation estimation algorithm (b) start-up
estimation algorithm.

As shown in the bottom of Figure 10a, with the increase of the speed, the estimation error still
reaches 4.72% in the stage II because the accumulated estimation error in startup stage is larger.
With the increase of running time, the operation state of system on the sliding surface is more stable,
and estimation error is smaller. As shown in top of Figure 10a, in stage III, the estimation error drops
t0 2.75%.

Longitudinal comparison for middle of Figure 10a, bottom of Figure 10a and top of Figure 10a,
the estimation error of the operation estimation algorithm is from 42% to 4.72% then to 2.75% when
the PMSM operates from stage I to stage II then to stage III. The estimation error is gradually reducing.
It also shows that because of the inherent feature of low-frequency chattering for operation estimation
algorithm, the operation estimation algorithm is not suitable in start-up stage.
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Compared with the operation estimation algorithm, the estimation error of the start-up estimation
algorithm is from 1.4% to 2.96% then to 5.52%, when the PMSM runs from stage I to stage II then
to stage III. Correspondingly, the estimation error of the operation estimation algorithm is from
42% to 4.72% then to 2.75%, when the PMSM runs from stage I to stage II then to stage III. It can
be concluded that the hybrid observer can well combine the advantages of the start-up estimation
algorithm and operation estimation algorithm. The accurate speed estimation is achieved to guarantee
closed-loop speed.

Figure 11 shows the rotor position, which is estimated by start-up estimation algorithm and
operation estimation algorithm respectively, and its error from stage I to stage IIL. The top of Figure 11a
represents the comparison between the measured rotor position and the rotor position estimated by the
start-up estimation algorithm and the operation estimation algorithm in the startup stage. The middle
of Figure 11a shows the error between the measured rotor position and the rotor position estimated by
startup estimation algorithm in startup stage. The max error is 2.1". In contrast, as shown in the bottom
of Figure 11a, in the startup stage, the rotor position estimated by operation estimation algorithm is
not only inaccurate, with an error reaching 18", but phase delay at the zero crossing point also exists.
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Figure 11. Position estimation and its error (a) start-up estimation algorithm (b) operation
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estimation algorithm.

It can be concluded that the position observation precision of start-up estimation algorithm is
higher than that of operation estimation algorithm in start-up stage. As shown in middle of Figure 11b,
the estimation error of rotor position is increased from 2.1” at startup stage to 3.9 at a given speed.
It shows that the estimation accuracy of the start-up estimation algorithm is getting worse. In contrast,
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although the estimation performance of the operation estimation algorithm is poor in the start-up stage,
estimation precision of operation estimation algorithm is high at the operation stage. The estimation
error of rotor position has been reduced to 1.4 at the given speed. Correspondingly, as shown in the
bottom of Figure 11a and the bottom of Figure 11b, the estimation error of the operation estimation
algorithm for rotor position is from 18" to 1.4".

It can be concluded that the hybrid observer can combine well the advantages of the start-up
estimation algorithm and operation estimation algorithm. The rotor position estimation can be
estimated accurately by this hybrid observer to guarantee the current decomposition.

The top of Figure 12 represents the phase-current waveform when PMSM runs from start-up
to given speed under the sensorless closed-loop control algorithm. According to the design scheme
shown in Figure 6, the top of Figure 12a represents the i; and i; which are the real output of the motor
and the i; and 1; which are the estimation of the start-up estimation algorithm.
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Figure 12. Comparison for the output current of the observer and the measured current (a) Comparison
for the output current of the start-up estimation algorithm and the measured current (b) and
(c) Comparison for the output current of the operation estimation algorithm and the measured current.

The middle of Figure 12a represents the error between the fq estimated by start-up estimation
algorithm and the real measured current i; according to the design scheme shown in Figure 6.
Correspondingly, the bottom of Figure 12a represents the error between the i; estimated by start-up
estimation algorithm and the real measured current iy according to the design scheme shown in
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Figure 6. These errors correspond to the ¢; and e; in Equations (71) and (72). From Equation (23), it can
be seen that the speed estimation @ can be adjusted to control the [; and I; which are the outputs of
the start-up estimation algorithm. The error between the estimated current [;, [; and the measured
current Iy, I, is used to correct the speed estimation @, according to Equation (32). Finally, the outputs
of the start-up estimation algorithm 1, fq can follow the measured Iy, I. As shown in the middle of
Figure 12a and the bottom of Figure 12a, the error ¢; and e, are tiny.

This means that the speed estimation algorithm in start-up estimation algorithm makes the
estimated currents 7; and fq corresponding with the real measured currents i; and i;. Finally,
the estimated speed tends to the actual speed. Figure 12b,c represent the comparison for the current
iy and 1, p, which are estimated by operation estimation algorithm, and the measured current i, and
ig, according to the design scheme shown in Figure 7. The bottom of Figure 12b represents the error
between the estimated 7, and the measured i,. The bottom of Figure 12c represents the error between
the estimated fﬁ and the measured iﬁ. From Figure 12b,c, it can be seen that i, and fﬁ which are
estimated by operation estimation algorithm have follow the measured i, and ig. According to the
design scheme shown in Figure 7, firstly, the experiment phenomenon that i, and B follow iy and i B
strictly show that the system has been controlled on the sliding surface on which the estimation of
rotor speed and position is independent on motor parameters. Further, synthesized the experimental
result shown in top of Figure 10a and bottom of Figure 11b, the state variables, which consist of the
speed estimation error and rotor position estimation error, has converged to 0 by the pole placement.
The accurate estimation for speed and rotor position has been achieved.

4. Discussion

From the above description and analysis for the experimental results, it can be seen that the
proposed hybrid observer has solved several problems well. Firstly, the hybrid observer can accurately
estimate the rotor speed and position from start-up to operation at a given speed. In the startup stage,
the startup estimation algorithm in the hybrid observer works. As shown in the above-mentioned
theoretical analysis of start-up estimation algorithm, the startup estimation algorithm can estimate the
rotor speed and position accurately based on the current PMSM model without using the back-EMF
information. Thus, the problem that the estimation error for rotor speed and position is large because
of the weak back-EMF during the startup stage has been solved. As the PMSM continues to operate,
the operation estimation algorithm in the hybrid observer begins to work. It means that the estimation
algorithm for the rotor speed and position is switched from the start estimation algorithm to the
operation estimation algorithm at this time. When the PMSM runs, the stator resistances will change
because of the temperature variation of the stator windings. These changed stator resistances will
lead to an inaccurate PMSM reference current model. Thus, the estimation error for rotor speed and
position is large because of the inaccurate reference current model of PMSM in the operation stage.
However, the operation estimation algorithm, which is based on the robust sliding mode theory and is
not dependent on the motor parameters, can guarantee the accurate estimation for the rotor speed and
position in the case of variable motor parameters.

From the experimental results of the startup estimation algorithm, it can be seen that the rotor
speed and position estimation errors increase with the operation of the PMSM. Since the startup
estimation algorithm is based on the standard reference model, the estimation accuracy of the start-up
estimation algorithm is easily influenced by the resistance variation which is caused by the temperature
shift of the stator windings. The speed estimation error reaches 4.72%, and the rotor position estimation
error is 3.9° when the PMSM has operated for a while. Accordingly, the operation estimation algorithm
is based on sliding mode theory and has good robustness. At this time, the startup estimation algorithm
switches to the operation estimation algorithm, which ensures the accurate estimation of the rotor
speed and position at the operation stage.

From the experimental results of the operation estimation algorithm, it can be seen that although
the estimation accuracy of the operation estimation algorithm is poor during the startup stage, with the
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running of the PMSM, it can estimate the rotor speed and position accurately because of the good
robustness. Therefore, the advantages of the startup estimation algorithm and operation estimation
algorithm are combined to form a hybrid observer. The rotor speed and position can be accurately
estimated by this hybrid observer from the startup stage to the operation stage. The precise feedback
of rotor position and speed ensures that the double closed-loop control shown in Figure 2 can be
implemented well.

Secondly, as mentioned about the general PMSM control method, this general method has caused
a lot of waste of electric energy. As shown in Figure 13, when the full load PMSM is driven by the
general method, the driving current is about 1.5 times the rated current, but these 1.5 times the rated
current only produce the rated torque shown in Figure 14. It can be seen that about 50% of the rated
current is wasted, because the current along the rotor directions is not involved in the formation of the
electromagnetic torque.
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In this paper, the closed-loop control, which is based on the proposed rotor position and speed
estimation algorithm, can control the current that is along the rotor direction to 0 in real time. In
this method, the stator current is completely controlled as the torque current to drive the PMSM.
The stator current is utilized with maximum efficiency. As shown in the top of Figure 12, when the
full load PMSM is driven by the proposed method, the driving current is the rated current. The rated
stator current drives the motor as the complete torque current, and this rated stator current generates
rated torque is shown in Figure 14. In the case of generating the same torque, the closed-loop control
based on the proposed rotor position and speed estimation algorithm, drives the full load PMSM
with less than 50% of the rated current that the general method does. At the same time, because
the current component along the rotor flux direction is controlled to 0 by closed-loop control based
on the proposed rotor position and speed estimation algorithm, the flux produced by this current
component will not increase or weaken the rotor flux. In contrast, with the general control method,
a current component along the rotor flux direction exists. This current component will result in an
enhancement or weakening effect on the rotor flux. Thus the electromagnetic torque will fluctuate.
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Figure 14 illustrates that the torque ripple generated by the general method is larger than that of the
closed-loop method.

Moreover, the closed-loop system based on hybrid observer starts the PMSM without dragging
the rotor to a given position. The problem that the PMSM is out of step because of the incorrect
pre-positioning has been solved. The PMSM starts directly, and its reliability has been improved.

5. Conclusions

This paper proposes a startup estimation algorithm, which is based on a PMSM current model
and is independent on the back-EMF signal, to estimate the rotor speed and position at the startup
stage. With the operation of the PMSM, in order to avoid large estimation errors of the startup
estimation algorithm because of the variable current model, the operation estimation algorithm, which
is based on the robust sliding mode theory and is not dependent on the motor parameters, is proposed.
The two algorithms form a hybrid observation algorithm to ensure the accurate estimation of rotor
speed and position from startup to operation. Some validation experiments were done to verify the
effectiveness of the proposed algorithm. One of the validation experiments is the comparison of
current amplitudes when the PMSM starts and operates with the proposed algorithm and the general
algorithm, respectively. This verification experiment shows that much more electrical energy can be
conserved by the proposed method. Another validation experiment is the comparison of torque when
the PMSM starts and operates with the proposed algorithm and the general algorithm, respectively.
This verification experiment shows that torque ripple is less when using the proposed method, and
with this method, a PMSM can be driven more reliably than with the general control method.
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