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ABSTRACT. The output direct current (DC) wvoltage control and power factor regula-
tion of three-phase boost rectifiers are developed based on the state error port-controlled
Hamiltonian (PCH) system. First of all, the PCH model is established for the recti-
fier. Then, a desired state error PCH structure is assigned to the closed-loop control
system of the rectifier. The desired Hamiltonian function is given based on the energy-
shaping. The controller is designed through interconnection assignment and damping
injection. The feedback control problem is reduced to the solution of the partial differen-
tial equations. Moreover, a proportional integral (PI) regulation is used to eliminate the
steady-state error of the output DC voltage. Consequently, the zero reactive current and
unity power factor are achieved for the rectifier. Finally, compared with the conventional
voltage-oriented control, the proposed control method has good dynamic and steady state
performances. Simulation results illustrate the effectiveness of the proposed controller.
Keywords: Nonlinear control, Rectifier, State error, Hamiltonian systems, Energy-
shaping

1. Introduction. The three-phase pulse-width modulated (PWM) rectifiers are viewed
as green power electronic equipments which possess attractive features such as nearly
sinusoidal input current and unity power factor [1]. The traditional control strategies, for
instance, voltage-oriented control (VOC) [2], current control [3], and direct power control
[4] have been successfully applied to control of the PWM rectifiers.

With the development of advanced control methods, such as prediction control [5],
without current sensors method [6], and adaptive control [7] they have been developed
for three-phase boost rectifiers. In recent years, energy-shaping (ES) and port-controlled
Hamiltonian (PCH) system control have attracted lots of attention [8,9]. The three-phase
boost rectifiers are typical unity of energy and signal conversion. Applying energy-shaping
and space vector PWM (SVPWM) technology, the PCH control methods of the motors
have been studied [10-12]. In this paper, the output direct current (DC) voltage control
and unity power factor regulation of three-phase boost rectifiers are developed based on
the state error PCH system principle. The feedback control problem is reduced to the
solution of a partial differential equation (PDE). In order to eliminate the steady-state
error of the output DC voltage, the proportional integral (PI) control is also added to the
system.

The paper is organized as follows. Section 2 presents the PCH model of three-phase
boost rectifier. Section 3 develops the control of three-phase boost rectifier and describes
the SVPWM implementation of the controller. Section 4 shows the comparative studies
and simulation experiment results. At last, some conclusions are given.
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2. The PCH Model of Three-Phase Boost Rectifier. The port-controlled Hamil-
tonian systems can be expressed as [§]
OH (z)

& = [J(z, 1) = R(z)]—5 — + glz)u (1)

where x is state vector, u is input vector and p is the PWM duty ratio function of the
rectifier. The matrix R(x) = RT(x) > 0 represents the dissipation and matrix J (x, ) =
—JT (x, 1) represents interconnection structure. The matrix g(x) is input function and
H(z) is Hamiltonian function.

The three-phase boost rectifier topology is shown in Figure 1, where e, = E,, sin(wt),
e, = B, sin (u)t — %71’) and e. = E,, sin(wt + %7‘(’) are input voltages, C' is the DC-side
filter capacitor, r and L denote the resistance and inductance, respectively, and Ry, is the
resistive load. The switching functions s; = s;(t) € {0,1} (i = a,b,c).
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FIGURE 1. The main circuit schematic diagram

The mathematical model of the PWM rectifier in the d-g synchronously rotating refer-
ence frame can be expressed as [1]

4 d
L% =eq — rig +wliy — pquge
¢
di
% =€, — Tig — wLig — flgUgc (2)
¢
dudc . . Ude
C = - —
\ d, (Maia + Hgiq) R,

where pq and g, are the duty ratio functions, e; = \/gEm, and e, = 0.

The state vector and input vector are defined as
. . T
v=[x wx, x,]" =[Liq Ligz Cua ", u=/[eq eg] (3)

Hamiltonian function is given by

1
H(z) = §:CTD’1:C, D = diag(L, L, C) (4)
Then the system (2) can be written in the form of system (1), that is
0 wL —py r 0 0 10
Jxypu)=| —wL 0 —p, |, Rx)=107r 0 |, glay=1]0 1 (5)
pa g 0 00 % 00
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3. The Control of Three-Phase Boost Rectifier.

3.1. The control principle of the system. The final design objective of the PCH
system (1) is to find a feedback control p = ((z) so that the closed-loop dynamics is a
state error PCH system with dissipation.

Theorem 3.1. For the PCH system (1), given H(x), J(z, ), R(x) and g(x), let xy be a
desired equilibrium point, T = x — xg be the state error, and i = u — po be the duty ratio
error function. If we can find Hq(Z), 6(z), J, and R,, satisfying

Hq(0) =0, Hy(Z)>0 (VZ#0) (6)
Ty (5 i) = T (5 )+ Ju= —JT (55), Ra(®)=R(@)+R.=RI(H)>0 (7)
=Bz (8)
and the closed-loop PCH system (1) with u = [((x) takes the state error PCH form
OH,4 (Z)

T =[Ja (7, /1) = Ra (7)) — (9)

Then, & = 0 is asymptotically stable equilibrium point of the closed-loop system (9),
and the state x does converge to the desired equilibrium xq as t tends to infinity.

Proof: From (7), the following expressions are obtained

0Hy(#)]" . OHa(¥)
D) s D o (10)
Along with the trajectories of the system (9), the time derivative of H, (%) is
dHy(¥)  [0H.(2)]" . [0H.(@)" , .. 0H4 (%)
di { oi | T |Tar | Fe@® 5 <O (11)

Therefore, the system (9) is asymptotically stable at equilibrium point Z = 0, and the
state  does converge to the desired equilibrium x, as ¢ tends to infinity.

Theorem 3.2. For the system of Theorem 3.1 in closed-loop system with pu = [B(x). If
J(Z + o, L+ po) = J (, /1) + J (o, o) — J(0,0) (12)
H(x) = %a:TDlx, Hy (%) = %~TD1£ (13)
and feedback control = (3(x) satisfying
g(x)u = [Jy — Ry — J(wo, o) + J(0,0)] D17 — [J (7, 1) — J(0,0)] D™ g + g(zo)uo (14)
Then, the closed-loop system can be expressed as the form of Equation (9).

Proof: Since & = x — . Thus, x = T + z(. Substituting into (1), we get

R —

T, 1) + J(xo, o) — J(0,0) — R] D™ '& (15)
+[J (2, 1) = J(0,0)] D™ o + g(2)u — g(wo)uo
Let
= —[Jo — Ry — J(w0, o) + J(0,0)] D17 (16)
+[J (2, 1) = J(0,0)] D™ o + g(w)u — g(wo)uo
Then, Equation (15) can be written as
F = o @) — Ra(2) 228y (17

oz
Obviously, Equation (14) ensures that ¢ = 0, and Equation (9) holds.



668 H. YU, J. YU, Y. GU AND P. HU

3.2. Controller design. The control objectives of the three-phase PWM rectifiers are
as follows: (i) The output DC voltage tracking control, and V. > \/gEm; (ii) The unity

power factor regulation, namely, i, = 0.

At steady state, x; = x19 = Ligy, 72 = 0, 3 = 230 = CVy.. According to (2) and

iq0 = 0, iq0 can be calculated

V3B = rid — paoVae = 0
wligo + pgoVae =0

; Viae
Hdoldo — 7, =

1 \/gEm 32, AV2 B \/gEm — Tldo _ wlig
4o = 5 ” 972 'R, | Hdo = Vi y  HMg0 = Vi

$0:[$10 Lao Ty }T:[Lido 0 CVa }T

The desired Hamiltonian function of closed-loop system is given by

. 1 _
H,; (%) = E(x —20)' DN x — )
0 ja12 ja13 Tal 0 0
Jo = —Ja12 0 Ja23 s R, = 0 712 O
—Ja13 —Ja2s 0 0 0 1743

Since g(z)u is a constant and g(z)u = g(xo)uo, according to (14) we obtain
[Jo — Ry — J(x0, pto) + J(0,0)]|D'% — [J (%, 1) — J(0,0)] D 2y =0

Then, the controller equations are

1 . . . . .

Hd = ftdo + v [7a1(ia = id0) — (Jar2 — WL)iqg — (Jar3z + Hao) (tae — Vae)]
dc
1 .. . . . .

Hq = Hqo T+ W [(Jar2 — wL)(iq — iq0) + Ta2lq — (Ja2s + Mq())(udc — Vie)]

and the assignment equation is
(fta — ttdo)ido = —(Ja13 + tao)(ta — ta0) — (Ja2s + 14g0)iq — Ta3(tae — Vie)
Substituting (19) and (24) into (26), we get
(Ja23Vie — Ja12id0)tq + Tartdo(ta — 2do) + Ta3Vae(tae — Vie)
+(Ja13 + tao) (iaVae — idgottac) = 0
To make Equation (27) always hold, parameters are matched as follows
Ja23 = Jaldo, Ja12 = JaVies Tal =7Ta3 =0,  Ja13 = —Hdo

where j, is interconnection parameter, and r,y is positive damping parameter.
Consequently, from (24) and (25) we obtain the control laws

Vdc [[E — 7ig0 — (JaVie —wL) 4

Ho = v [—szdo + (JaVae — wL)(ia = ido) + Ta2iq — tao (.7 - %) (ae — Vdc)]

(18)

(19)

(20)

(21)

(22)

(28)
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3.3. The PI regulation of output DC voltage error. The parasitic elements and
parameter inaccuracies may lead to an incorrect i49 and cause steady-state error of output
DC voltage. Therefore, the PI control is used to eliminate the steady-state error of output
DC voltage. Assume new equilibrium is taken as i}, that is

t
i;klO = Z'dO -+ Aido, A’ido = —k:p(udc — ‘/dc) — l{?z/ (Udc — Vdc)dt (29)
0
The control laws with PI regulation can be expressed as
hgi = Vdc [[E — iy — (JaVae —wl)i,
Hqi = m [ wlLigy + (jaVae — wL) (ia — ige) + raziq — i (ja - %) (tge — Vdc)}

3.4. The SVPWM implementation of the controller. The SVPWM needs reference
voltage vector component in af coordinates.

(30)

Vdi = Hdillde; Vgi = Hqillde (31)
In Figure 1, vy4 and v, are values of v,, v}, and v, in the d-q frame respectively. Then,
we get
[ Ug, } _ [ cpswt —sinwt } { Vi } (32)
ug sinwt  coswt Vgi

Therefore, the pulse signals which drive six IGBT switches can be generated by SVPWM
signal transformation.

4. The Comparative Studies and Simulation Experiment Results. The circuit
parameters: FE,, = 80V, f = 50Hz, L = 15mH, r = 1Q, C = 2200uF, R;, = 80f),
Vie = 200V. The controller parameters: j, = 1, roe = 50, k, = 0.8, k; = 0.03.

Figure 2 shows the waveform of the output DC voltage under the PCH control with
PI regulation. At ¢ = 0.125s, the load resistance changes from 802 to 40¢2. The output
voltage steady-state error is eliminated quickly. Figure 3 shows the waveforms of u, and
iq. The i, is not only sinusoidal wave, but also the same phase as the u,.

Figure 4 gives the waveform of the output DC voltage. At t = 0.125s, V. changes from
200V to 150V. The actual voltage tracks V. rapidly without steady-state error. Figure 5
shows the waveforms of u, and i,. At steady-state, the i, is the same phase as the wu,.

The existing VOC is a classical control method [2]. In order to compare the proposed
control algorithm and the VOC, the VOC simulation experiments have been carried out.
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The parameters of two PI regulators are k;, = 3, k;; = 1.1; k,, = 0.25, k,; = 0.15. Figure 6
shows that transient process of output DC voltage is longer when load resistance changes
from 80€2 to 402 at ¢ = 0.15s. Moreover, Figure 7 shows that the output DC voltage
response of the VOC is very slow when V. changes from 200V to 150V at ¢t = 0.15s.

5. Conclusion. In this paper, the high performance control of three-phase boost rectifier
is presented based on the state error PCH control and the energy-shaping principle. The
PCH system model is established for the PWM rectifier. The desired state error PCH
system structure is assigned to closed-loop control system. The controller design problem
is reduced to the solution of a set of partial differential equations. Although the solving
of the PDE is very difficult, we can transform the PDE into a set of ordinary differential
equation through energy-shaping and interconnection assignment and damping injection.
Moreover, the PI regulation is added to eliminate the steady-state error of the output DC
voltage. The proposed control algorithm has good output voltage tracking control and
unity power factor regulation performances. The further potential study trend is the load
disturbance attenuation and parameters adaptive control.
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