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1. INTRODUCTION

The existing research work is mainly concerned the investigation of three-phase AC-DC CIHRC
topology to achieve a high power factor and low device stresses by injecting high switching frequency
current into the midpoint of the three-phase bridge rectifier combined with the input line frequency current
resulting in high-frequency modulation at the midpoint of the diodes. The current injection technique was
adopted due to its suitability in applications of AC-DC converter topologies besides its high performance in
terms of power factor, efficiency, reliability, light in weight, output voltage regulation and simple upgrading
to the existing three-phase AC-DC converters [1], [2]. In addition to that, the current injection technique was
more practical due to its simplicity [3]. By using the hybrid resonant configuration, the resonant current
dependency problem of the series circuit configuration can be solved, allowing the control of the output
voltage at no-load or small load conditions. Moreover, the use of high switching frequency will in theory lead
to small element values of the resonant tank and hence improving the power density of the
converter topology.

In this research paper, dynamic analysis of the three-phase AC-DC CIHRC has been developed.
This novel analysis have been derived based on the steady-state circuit analysis as developed in [4], [5] to
improve the understanding of the behaviour of the circuit topology in terms of its controllability, stability and
sustainability. Furthermore, the developed dynamic analysis can provide accurate prediction of the output
voltage transients of the converter circuit topology. Thus, this analysis can be used to form the basis for the
small-signal model to design the closed-loop voltage controller in order to regulate the output voltage of the
converter whilst at the same time also it can function to correct the pulsating nature of the supply current to
almost unity power factor with a low total harmonic distortion (THD) level well below the acceptable limit
that is defined in the standards of IEEE Std. 519 and maintaining the high quality input line current. This was
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implemented using an appropriate design of the hybrid resonant circuit with a suitable switching frequency
selection that could enable the devices to operate under virtually lossless zero voltage switching
(ZVS) conditions.

2. THREE-PHASE AC TO DC WITH CURRENT INJECTION HYBRID RESONANT
TECHNIQUE

The circuit structure of the three-phase AC to DC using current injection hybrid resonant technique
is presented in the Figure 1 which consists of a single, high-frequency inverter leg that operates from the
split-capacitor DC-link where the transistor duty ratios were fixed at 0.5. The autotransformer T4 steps up the
output voltage from the switching leg and drove a sinusoidal current through the hybrid resonant circuit. The
resonant current was rectified to form the output and was also injected into the three-phase utility-frequency
rectifier to modulate the rectifier input voltages resulting in continuous and sinusoidal line currents. The
inclusion of capacitor Cpa at the input of the high frequency full-wave rectifier is the main difference with the
series circuit topology, thus, make this circuit topology operate as hybrid resonant converter.

Switching leg ~ DC-link capacitor
1 |

e === = == [———— ==

| Line frequency rectifier ‘ |; |
| |
: L % % 1S \% /2:
V& Liine s . :: DC :
[ | |
| Vewmz |: I |
: :I Iprim i I
V. | X == |
| PWM3| i |
| | | L |
: ! | | Voo2, High-frequency
| I I bridge rectifier
| ===
A

e — E—— et ___U
¥ Lres |
L2 L,

Cpa——

|

|

|

|

|

|
I_|
I—= Ry
|

|

|

|

|

|

T

Figure 1. The three-phase AC-DC current injection hybrid resonant converter topology

3. DYNAMIC ANALYSIS OF THREE-PHASE AC TO DC CONVERTER USING CURRENT
INJECTION HYBRID RESONANT TECHNIQUE

This section describes the derivation of a dynamic analysis for the three-phase AC to DC using
current injection hybrid resonant technique. The dynamic analysis for the CIHRC was done by considering
that the converter would involve two stages:
a. The line-frequency rectifier
b. High-frequency resonant circuit

The analysis of line-frequency of the three-phase PWM AC to DC converter was based on the
standard method as discussed in [6]. The resulting circuit equations that were expressed in state-space form
were then averaged to remove the ripple. After that, the direct and quadrature (d-q) transformation method
was adopted to eliminate the time variance in the equations. In order to model the high-frequency resonant
stage, the fundamental frequency methods as discussed in [7] were adopted. To match the line frequency
equations of the three-phase PWM AC-DC converter with the high-frequency resonant stage equations, the
power balanced relations for the DC link methods were employed.

3.1. Line frequency rectifier
Figure 2 shows the simplified diagram of the line-frequency rectifier. The total DC-link voltage Vpc
was obtained from a series connected of the two split DC link capacitors represented by the DC link
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capacitor, Cpc. The line currents and supply voltages were represented by i; and V; respectively, where ;
represents the 1, 2 and 3 phases. The line inductance and its small resistance were represented by L, and Ry
respectively. The three-phase diode bridge rectifier were denoted by Dj, where =1...6. The switching
function of each diodes leg were represented by S; where i is one ‘1’ when the upper diode of the leg is
conducting while ; is zero ‘0’ when the lower diode is conducting.
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Figure 2. A simplified of the line frequency AC-DC converter
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Based on the circuit configuration shown in Figure 1, the phase voltage equation can be derived by
applying the Kirchhoff's voltage law, resulting in:

. di
\%1 =]1RS+LSd_t1+VDN +VNO (l)

where R is the series resistance of the line inductor. vpx is the input voltage of the first leg at point D, with
respects to the negative point, N of the DC-link. vno is the voltage between point N and the star point of the
input supply voltage. By considering the switching function notation of vpny = VpcSi, where S is a function
of conducting of diode D, thus, (1) can be simplified as:

. di
Vi = llRS + LS d_tl + VDCsl + VNO (2)

The method for derive the first phase equation can be applied to solve phases 2 and 3. Therefore, the
phase 2 and phase 3 equations can be derived as;

. di

V2 = iRs + Ls 52+ VpeSz + Vivo 3)
. di

Vs = i3Rs + Ls 7> + VpcSs + Vo @)

For a three-phase system without a neutral line,
i +i; +i3 =0 )

By assuming that the three-phase AC supply voltages were balanced, the summation of the
instantaneous voltages will be equal to zero.

vi+vy,+vy =0 ©6)
Rearranging (2), (3) and (4) will result in;
di
LS d_g' + VDC51 + VNo — V1
Ry

ih =
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- di 5
Lsd_g + VDCSZ + VNOo — V2
RS

i ;
Lsd_t3 + VpcSs + vno — V3
RS

Substituting the above into (5), hence;

__1 3
VNo = =3 Vpc 21 Sk

0

The input side of the converter can be obtained by substituting (7) into (2), (3) and (4) represented
by the following:

: . 1
Lol = =Rgiy = (Sy = 2 XIS, ) Ve + vy

: . 1
Lsi; = =Rl — (52 - gZi Sk) Vbe + v

: . 1
Lsiz = —Rsiz — (53 - gZi Sk) Vpc +v3

or in the matrix form as:

Zx = Ax+e

iy
x = |i,
i3

Here:

—R, 0 0
0 —R, o]
0 0 -R,
L, 0 0
0 L 0]
0 0 L,
— 3 -
1
_<Sl_§zsk>VDC+vl
1
3
1
_<SZ_§ZSk>VDC+V2
1
3
1
TR A
B 1 |

®)

©

(10)

(11

The circuit (11) can be simplified by averaging the switching functions, hence removing the high
frequency information [8]. Furthermore, by employing the transformation to a rotating reference frame, the
supply frequency time variance can be removed.

3.1.1. Averaging procedure
For a natural sampling sinusoidal pulse-width modulation, the switching points within one switching

period are not symmetrical. However, when the switching frequency is much higher than the line frequency,
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the modulating wave can be regarded as a constant within each switching period. Therefore, the switching
pattern is close to be symmetrical [9]. In this way, the local average value or duty ratio S; can be used to
replace the switching function S; in any specific period. The use of current injection sinusoidal PWM scheme
resulting in the supply current that is in phase with the fundamental of the PWM voltage, Vewmi. The Vewmi
is lagging the supply voltage, V; by an angle ¢ as shown in Figure 3, with the assumption that the phase angle
was unaffected with the small resistance Rs.

Figure 3. Fundamental frequency phasor diagram

By referring to the phasor diagram shown in Figure 2 and by using the relationship in (2), it can be
seen that the fundamental of the PWM voltage of phase i=R,Y,B where R=1, Y =2 and B=3 can be expressed
as;

v . .
VPWMli = %ff(M) Sin (((.l)t - @) - (1 - 1) 2?“) (12)
And for phase i,
Lel; = —i;Rg — Vewmy; + Vi (13)

Therefore, the local average switching function S; in matrix e could be obtained by comparing (13) with (11).
Thus, the resulting equation can be expressed as:

S —3235 = sin[(wt-0) - (- DZ (14)

Finally, the matrix e in (11) can be simplified as follows:

—Vbe @sin(mt -0)+v;
e= —VDC@sin [(wt—Q)) —2?“] + v, (15)

—Vbe ff(Z—M) sin [(u)t —-Q)— 4?“] + vy

3.1.2. Elimination of the time-variance

The transformation to a rotating reference frame technique was adopted to eliminate the time-
varying switching function in (11) and used to further simplify the model. In this way, three-phase quantities
were transformed to direct and quadrature axis (d-q) components using the transformation matrix, T-!. Then,
the d-q quantities were transformed back to their three-phase quantities using the inverse matrix T. This
process is known as the non-power invariant Park transformation [8]. Therefore, the transformation matrix T-
! can be expressed as;
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cos wt cos (wt - 2?11) cos (wt — 4?“)

12 . . .
T1=2|_sinwt —sin(wt—2=2) —sin(wt—2 (16)
3 3 3
1 1 1
2 2 2

Meanwhile, the inverse matrix T is given by:

cos wt —sinwt 1
cos (a)t — Z?H) —sin (u)t — 2?“) 1

cos (mt — 4?“) —sin ((ot — 4?“) 1

The relationship between the vector x in the stationary frame and the new state vector Xxr in the
rotating frame can be expressed as follows:

X, = [ID lQ iO]T = T_lx (18)
The original state vector alternatively can be expressed as:
x = Tx, (19)

where the d, q, and zero sequence components of the line currents are represented by ip, iq and i,
respectively. Differentiating (19) gives:

% = TX, + Tx, (20)
By substituting (19) and (20) into (11), yielding:

Z(TX, + Tx,) = A(Tx,) + e 1)
Multiplying out and rearranging (21) resulting in:

ITx, = (AT - ZT)x, + e (22)

By using ZT = TZ as follows, which gives:

TZX, = (AT —ZT)x, + e (23)
Therefore,
Zx. = T1(AT - ZT)x, + T e (24)

Where, T_l(AT — ZT) is;

—Rs wLg 0
T-(AT-ZT) = |-wLs —Ry 0 ] (25)
0 0 —Rg
and from (25), T™! e can be separated into:
—Vpe @ sin(wt — @)
Vi
fr(M) . 2
T-le = T~1|—Vpc 57 sin ((wt -0~ ;“) +T! Vz] (26)
V3
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Therefore;

F(M)
—Vpe T~ sin(wt — @) Fe(M)

£ VDC T sin @

Z1|_y fOD —0)-2")| =

T~ ~Vbc—,—sin ((wt 9) -3 ) = (Vo M cos 0 27)
—Vpc @sin ((oot -0) - %T) 0

Assuming that the d-q transformation of the three-phase supply voltage yields:
V1 VD

T [v2| = [Vg (28)

V3 0

where Vp and Vg are the d and q components of the three-phase supply voltages vi, vs, and vi;. By
substituting (25), (26), (27) and (28) into (24), the three-phase line frequency rectifier can be represented by
the following set of time-invariant, state-space equations in a rotating frame as the reference:

%&(M) sin@ + Vp

L 0 01[ib] [-Ry wLs 0 7rip

0 L 0] io| = [—mLS —Rs 0 ||ig|+|Voc ¢ 29)
Vne +V,

0 0 Lllj 0 0 -RJlip [z (M) (C)osca Q

By neglecting the neutral line in the symmetrical three-phase system, the zero sequence component
ip can be ignored. By using the transformation to a rotating reference frame method, the d-axis is 90° ahead

of the phasor of the supply voltage, resulting in Vp=0and Vy = —\/EVS. As a result of this, the time variant
equations can be expressed by multiplying out (29) to be.

Lsip = —Rsip + wLiq + “2¢ f(M) sin @ (30)

: . . \%
Lsiq = —wLsip — Reiq + ¢ fr(M) cos @ — V2V, (31)
sin ¢ can be obtained from the fundamental frequency phasor diagram in Figure 3.

sin ® = ks — line¥is (32)

Vs Vs

The d-q transformation of the line current gives:

iD2+iQ2 1,. .
line =—F%—= };(IDZ +1?%) (33)

i =
7 tang

Therefore,

s 2
. Ip
V2ljie = ,IDZ ton 02
Ve = -
ZIline =1p 1+ W
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As aresult of;

2 tan @2

o = line [T anp

Finally, the resonant current can be derived as:

Lres = ?‘I:\,Iﬂ (34)
3.2. High-frequency resonant stage

Based on the fundamental frequency approximation as discussed in [4], the high-frequency resonant
stage was obtained by assuming that the resonant circuit responded immediately to the small-signal changes.
Under transient conditions, the difference between the total active power flowing into the DC-link through
the three-phase rectifier and the power drawn through the transistor switching leg must flow into or out of the
DC-link capacitor. This is the dynamic version of the steady-state power balance in (15), where it was
assumed that the difference in power was zero [8]. Therefore;

2NVpc I dVpc

3Vewmiltine + Vewmclres = =75, Ires €05 8pc-pc = VpcCoe =5, (35)

By using Opc.pc in [5] to eliminate the Opc.pe terms in (35), it will result in:

2
V.
(RLL‘*VPWMCIreS)‘/E"T

2NVpcl av
3Vpwmiliine + Vewmclres — \/D;T = INVpcles = VpcCpc d]tx
Vo? dv
3VpwMiliine — RL = VpcCpe % (36)
L
where;
Vbc
V =—f(M)
PWML = 5 2
By substituting Vewwm into (36), yields;
dVpe _ 3f(Mljjne _Vo®
Coc ad ~ 2v2 VpcRL (37)
In order to eliminate the cos Opc_pc term from [5] yielding;
(V—°2+VPWMCI )\/in (VPWMC,)Z+(ﬂ)2_(lreszres)z
R res — \ Vnc V2T Vbc
2%
[Vpcfe M1 | Vo2Vpcfe(M) NVpc)?
([resZres)2 + DC; + OﬁI]:SSI(;L - 2( T[DC) =0 (38)

In order to complete the model of the converter, the dynamic relationship between the output
voltage, V, and the output current, I, was required. I, is the local average of the rectified bridge current, Ig
that was fed into the parallel combination of the load resistor and filter capacitor as illustrated in Figure 4 and
Figure 5. Iz is the small current disturbance placed in parallel with the load resistor Ry and is an analytical
tool to examine the load current changes. The differential equation for the output filter capacitor, C, can be
expressed as:

\Y% dv,
-1, = R_z Cod_to (39)
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Figure 4. Output rectifier unit under dynamic conditions

So,
2
I, = EﬁIB
Ig = lres — ICpA
dv,
Iepp = CPAE
Hence,
2 av,
I, = \/7 (Ires — Cpa d_to)
Where,

Vo = LresRr
Substitute (41) into (39), resulting in;

2 _1,-Yo
vy _ ;‘Elres Iz RL

- 2C
dt +2/%Cpa

Co =

and function v represents the right hand side of (42).

4. CONCLUSION

lI'CS
Tcea

Is

Figure 5. Current flow through output
rectifier unit under transient conditions

(40)

(41)

(42)

In this paper, a dynamic analysis of the three-phase AC to DC converter using current injection
hybrid resonant technique was derived. In general, it the design of dynamic analysis was to provide an
accurate prediction of the output voltage, line current, DC-link voltage and resonant current transients
respond. This mathematical model can be used to develop a small-signal model to design a closed loop
controller to regulate the DC output voltage, whilst at the same time also being capable to perform the power

factor corrector operation.
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