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ABSTRACT. Aiming at the lack of consideration on signal and energy coordination con-
trol of permanent magnet synchronous motor (PMSM) speed servo system, a hybrid
coordination control method based on signal and enerqgy is proposed in this paper. The
backstepping controller is used as the signal controller, and the port-controlled Hamilton-
ian (PCH) controller is used as the energy controller. The design of coordination control
strategy is used to adjust the strength of the two control methods. The PMSM speed
control system with known load torque combines the advantages of the signal control and
the energy control. The system not only shows the fast tracking control of speed signal,
but also optimizes the input and output energy. The simulation results show that the
coordination control system has good dynamic and steady-state performances, and the
energy consumption of the system is minimum.
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1. Introduction. Permanent magnet synchronous motors (PMSMs) are widely used in
industrial fields, because PMSMs have high efficiency, high power factor, and robustness
[1]. The existing control methods of PMSM can be classified into two categories. One is
signal control. The motor is considered as a signal conversion device, which can transform
input signal into the output signal. Its control goal is to improve the dynamic and steady
state response of the system. The other is energy control. The motor is considered as
an energy conversion device, which can transform input energy into the output energy.
Its control goal is to optimize input and output energy of the whole system, and the
system can reach its minimum energy consumption. For nonlinear systems, fuzzy control
system does not need to establish the accurate mathematical model of the PMSM, but it
cannot eliminate the system’s speed steady-state error [2]. Sliding mode control systems
have good anti-disturbance performances, but at the same time it brings chattering to the
system [3]. The PCH control method can simplify the controller design and the stability
analysis [4,5]. In this paper, backstepping control and PCH control of PMSM energy
optimizing method are combined to ensure that the system has the advantages of the two
control methods. The coordination control strategy is proposed to change the control
strength of signal controller and energy controller over time. Each control can play a role
in corresponding period of time to maximize its control effect. The fast dynamic response
and minimum energy loss make the system achieve the desired control effect.

The paper is organized as follows. Section 2 presents the mathematical model of the
PMSM including iron loss. Signal and energy controllers are designed in Section 3. Section
4 presents the coordination control strategy design. Furthermore, the simulation results
are given in Section 5. Section 6 states our conclusions.
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2. The Model of PMSM Including Iron Loss. The model of the PMSM including
iron loss can be described in the d-q frame as follows [6]

( Ligdig/dt = — (Ry + Rpe) iq + Rpelwa + Ug
Ligdiq/dt = — (R + Rpe)ig + Rpciwg + g
Linadivg/dt = Rpe (ig — wa) + npw Lyiug (1)
Lydiyg/dt = Rpe (ig — twq) — npw (Laiwa + P)

| Jmdw/dt =7 — 71, = 1, [(Lina — Ling) twdiug + Piuwg] — 71

where 4,4 and i,, are active currents, R, is the stator resistance, Rp. is the iron loss
resistance, uq and u, are the d-q axes voltages, iq and ¢, are the d-q axes currents, Lq and
L, are the stator inductors, L;; and L, are the leakage inductors, L,,q and L,,, are the
active inductors, ® is the rotor flux linking the stator, n, is the number of pole pairs, w is
the angular velocity of rotor, J,, is the moment of inertia, 7, is the load torque, and 7 is
the electromagnetic torque. For surface mounted permanent magnet synchronous motors,
we have Ld = Lq, le = qu and Lmd = Lmq.

3. The Coordination Control Strategy of PMSM Speed Control System. Define
csa(t) and ceq(t) as d-axis coordination functions of backstepping controller and PCH
controller, ¢,,(t) and ¢.,(t) as g-axis coordination functions of the backstepping controller
and PCH controller, and the signal wy as the reference of rotor angular speed. The PMSM
speed control system based on signal and energy coordination control strategy is shown
in Figure 1.
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F1GURE 1. The PMSM speed coordination control system block diagram

3.1. The design and stability analysis of the signal controller. The backstepping
control is used in signal controller. Lyapunov function is designed to figure out the input
of the system, and to realize the system’s stabilization [7].

Step 1: According to Equation (1), the time derivative of the speed error e,, is

Cy — djo —w= (;dO — [npq)iwq + Ny (Lmd — Lmq) iwdiwq]/Jm + TL/Jm (2)

In order to obtain stable feedback, the Lyapunov function candidate Vi = €2 /2 is con-
sidered for (e, )-subsystem. The i,, is taken as virtual control, and its reference iy
is

Z.wqr = (Jmklew + mer + TL)/(npq)) <3)
where k; > 0. Replacing i,, with i,,, and substituting it into Equation (2), we have
¢, = —kje,. Therefore, we can get Vi = e, é, = _klei < 0.
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Step 2: Similarly, €,q = twgr — twq 1S taken as virtual control error. Then computing
its derivative and substituting the fourth equation of Equation (1) into its derivative, we
have

bwqg = twgr — twg = Twgr — Rreiq) Lmg + Rreiwg/ Ling + MpwLdiwa/ Limg + 1pw®/ Ly (4)

Consider the Lyapunov function candidate Vo = efuq / 2 4+ Vi for (ey, €uq)-subsystem. In
order to obtain stable feedback, the actual control ¢,,4. and i, are selected as

iqr = Lmqiwqr/RFe + anLdiwd/RFe + Z.wq + npwq)/RFe + kQLmqewq/RFe (5>

where k; > 0. Substituting Equation (5) into Equation (4), we can get é,, = —kaeyq.
Then, Vo = —kye? — kg@%uq < 0.
Step 3: The derivative of e, = 74 — i, is computed as

€q = iqr - iq = iqr + Z.q(Rs + RFe)/qu - RFeiwq/qu - Usq/qu (6>

Consider the Lyapunov function candidate V3 = eg / 24+ Vi+V; for (e, ewq, €q)-subsystem.
In order to obtain stable feedback, the actual control ug, is selected as

usq - (Rs + RFe) 'iq - RFeiwq + quiqr + k3queq (7)

where k3 > 0. Substituting Equation (7) into Equation (6), we have é, = —kse,. Then,
‘/3 = —klei — kge,%uq — kgeg < 0.
Step 4: The derivative of €,y = Twdr — Twq 18 computed as

e.wd = iwdr - iwd = iwdr - RFeid/Lmd + RFeiwd/Lmd - anLqiwq/Lmd (8>

Consider the Lyapunov function candidate V; = €2 ,/2+ Vi + Vo + V3 for (€4, €wq, €4, €wd)-
subsystem. We choose 7,4, = 0 control, and then the actual control iy, is selected as

igr = —Npw Lgiwg/ Rie + twd + kaLmd€wd/ Rpe (9)

where ky > 0. Substituting Equation (9) into Equation (8), we have é,,4 = —k4€y,q. Then,
Vi= —]{?163} — er%uq — l{fgeg — k’46120d < 0.
Step 5: The derivative of ey = 14, — 14 is computed as

éq = lgr — iq = tgr + iq (Rs + Rpe)/Lig — Rreiwa/Lig — tsa/ Lig (10)

Consider the Lyapunov function candidate V; = 63/24—‘/1 + Vo4 V54V for (ey, €wq, €4, Cuwds
eq)-subsystem. In order to obtain stable feedback, the actual control u,, is selected as

Usa = (Rs + Rpe) iq — Rreiwa + Ligiar + ksLiaeq (11)

where ks > 0. Substituting Equation (11) into Equation (10), we have é; = —kseq. Then,
Vs = —kie? — ke, — kse2 — ke, — kse2 < 0. Obviously, V5 is positive definite and V3
is negative semi-definite. According to the Lyapunov stability theory, the backstepping
control subsystem is asymptotically stable.

Above all, the signal controller of the system is

{ Ugq = (Rs + RFe) Z.d - RFeiwd + leidr + k5le€d (12)

Usg = (Rs + Rrpe)iq — Rreiwg + Ligigr + ksLige,

3.2. Energy controller design. The port-controlled Hamiltonian control of PMSM en-
ergy optimizing is used in energy controller design.
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3.2.1. The PCH model of PMSM including iron loss. Define the state vector and the
input vector of the system as [§]

T = [ leid quiq Lmdiwd Lmqiwq me :|T7 U = [ Ueqd Ueq —TL }T (13)

where u.4 and u., are the d-q axes voltages which correspond to uq and u, in Equation
(1). Let the Hamilton function of PMSM system be

1
H(x) = 3 [Liaiy + Ligiz + Linding + Lingiag + Jmw?’] (14)
Therefore, the PCH model of system (1) is
. OH (x
v = 1)~ )20 4 gy (15)

where, R(z) is positive semi-definite symmetric matrix, and R(z) = RT(z) > 0. The
interconnection structure is captured in g(x) and the skew-symmetric matrix J(z) =

—JT(z). Then, Equation (1) can be expressed as Equation (15) with
0 0 0 0 0
0 0 0 0 0
J(x)y=10 0 0 nyLaw 0 :
0 0 —ny,Lqw 0 —n,P
00 0 n,d 0
(16)
R+ Rpe 0 —Rpe 0 0 1 00
0 R+ Rpe 0 —Rpe 0O 010
R(z) = —Rpe 0 Rp. 0 0O,g(x)=]100 0
0 —Rpe 0 Rp. 0 0 00
0 0 0 0 0 0 0 1

3.2.2. The calculation and stability analysis of the energy controller. When the load
torque is constant and known, we have 7, = 7 = 770 and w = wy at the steady state.
At the moment, from Equation (1), we can get 79 = n,Pi,,, and it can be computed as

lwg = TLO0 1f the mechanical loss is neglected, the total loss is [9]
Mp
o 3RR%., + 3n2wiL3 (Rs + Rpe) [ N n2w3Ly® (R, + Rr.) 2
foss = 2RZ, " RS, + n2wR L2 (R, + R

3 (npwi®* + n2wiLit?) (Rs + Rpe) + 377 R R,
R RE, +n2wiLi (R, + Rpe)

3ndwiL2®? (R, + Rpe)?
2R,R}.. + 2n§w§L§R§;e (Rs + Rre)

Let dPyyss/diywa = 0, the equilibrium point can be calculated when the system reaches its
minimum loss at the steady-state
T

2o = | Ligtao Ligigp Lmdiwdo Lmdiwgo Jmto ] (18)
where,
. ngngdCD (Rs + Rpe) Lawotro
ldgo = - R.R%_+ n2wi Ly (Rs + Rre)  Rpd
o npPuwp ndwi Li® (Rs + Rpe)

W= ® T Rp.  RuRb, + Rpen2iL3 (R + Ri)
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bwdo = —nowgLa® (Ry + Rpe) | [RsRpe + nowg L (Ry + Rpe)], twgo = Tro/ (np®).

Given desired closed-loop system

) OH,(x
i = [Ja(z) — Ry(z)] ad( ) (19)
T
Choose the desired Hamilton function as
B 1 . .2 . . \2 ) ) 2
Hy(x) = B [le (i — tq0)” + Lig (ig — iq0)” + Limd (twd — twdo) (20)

‘|‘ Lmq (Z.wq — iwqo)z —|— Jm (w — WO)Q}

where Hy(z) > 0 and H4(0) = 0. The Lyapunov function of PCH subsystem is defined as
V. = Hy(x), and then the PCH subsystem is asymptotically stable at equilibrium point
[10]. Furthermore, let Jy(z) = J(x) + J,(x) = —JF (z), Ra(z) = R(z) + Ro(z) = RY(z) >

0, and choose

00 O 0 0
00 O 0 0
Ja(z) =10 0 0 Jag Jzs |,
00 —Jsu 0 Jygs
0 0 —Jss —Jsis O
(21)
RS + RF@ + 71 0 _RFe 0 0
0 RS + RFe + 7 0 —Rpe 0
Rd(l') = _RFe 0 RFe + 79 0 0
0 _RFe 0 RFe + 7o 0
0 0 0 0 0

where J34, Js5, Jus, r1 and 7o are the designed parameters. Let Equation (15) be equal to
Equation (19), and we can get Jsq = n,Lqw, J35 = n,Laiy, and Jis = —nyLgiwg — ny®.
According to Equations (15), (18), (19) and (21), the energy controller of the system is
Ueq = _Tlid + (Rs + RFe + Tl) idO - RFeZ.de (22>
Ueq = —Tliq + (RS + RFe + 7“1) iqo — RFeiqu

4. The Coordination Control Strategy Design. In order to realize the coordination
control strategy, the coordination functions are designed to change the control strength
of signal controller and energy controller over time. When the motor starts, the control
strength of signal controller is much bigger than the control strength of energy control.
Therefore, the system can reach its steady state quickly. As time goes on, the percentage
of energy control strength will increase. The total loss of the system is optimized at the
steady state.
The coordination function can be designed as

Csd(t) = 67t/TC7 Ced(t) =1- 67t/TC7 qu(t) = 67t/TC7 Ce(I(t) =1- eit/Tc (2?))
where T, is the coordination time constant. Obviously, c.q(t) € [0,1], csa(t) € [0, 1],

Ceq(t) € [0,1], csq(t) € [0, 1]. Therefore, the coordination strategy is

{ Ug = Csd(t)usd + Ced(t>ued (24)

Uqg = qu(t)usq + Ceq(t)ueq
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5. System Simulation. The simulation results are performed by Matlab/Simulink. The
parameters of the system are: ® is 0.0844Wb, n, is 3, Ry is 2.21Q, Ly = L, is 9.77mH,
Lig = Lpgis SmH, Ljg = L;;is 1.77mH, and J,, is 0.002kg - m?2. The desired rotor angular
speed reference is wy = 150rad/s, and the load torque is 7, = 5N - m. Let k; = 10000,
ko = 10000, k3 = 500, k4 = 500, k5 = 5000 and T, = 1. The switching frequency of
SVPWM is 10kHz, and V. = 400V.

Figure 2 and Figure 5 show that the backstepping control system with high loss power
has fast dynamic response without steady-state error. Figure 3 and Figure 5 show that
the PCH control system with lower loss power responds more slowly. From Figure 2 and
Figure 4, we can see that the dynamic response of the coordination control system is nearly
as fast as the dynamic response of backstepping control system. According to Figure 4
and Figure 5, the coordination control system has the lower loss power at the steady
state, just like the PCH control system. Therefore, the coordination control system has
fast dynamic response and lower energy consumption at the steady state, which combines
the advantages of both methods.
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6. Conclusions. The signal and energy coordination control of PMSM including iron
loss is designed in this paper. The backstepping control system has good dynamic perfor-
mances, and the PCH control system of PMSM energy optimizing reaches its minimum
loss. In addition, the backstepping control plays an important role when the motor starts.
The PCH control plays an important role at the steady-state of the system. The advan-
tage of each control does make sense when it is operating. The proposed control method
has good application value and practical significance. In the follow-up study, a parameter
identification module will be designed to identify the parameter variation of motors. The
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coordination control strategy can be changed to inject signal control as soon as the pa-
rameter change is detected. The dynamic and steady state performances can get further
optimization.
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