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ABSTRACT - This paper presents a two-paralleled
4 quadrant DC chopper type PWM power conversion
circuit in order to generate a gradient magnetic field in
the Magnetic Resonance Imaging (MRI) system. This
power amplificr is connected in parallel with the
conventional 4-quadrant DC chopper using IGBTs at
their inpuls/outputs to rcalize further high-power
density, high speed current tracking control, and (o get a
low switching ripple amplitude in a controlled current
in the Gradient Coils (GCs). Moreover, the power
conversion circuit has to realize quick risc/fall response
characteristics in proportion to various target currents
in GCs.

It is proposed in this paper that a unique control
scheme can achieve the above objective. DSP-bascd
control systems rcalize a high control facility and
accuracy. It is proved thal the new comtrol system will
greatly enlarge the diagnostic target and improve the
image quality of MRIL.
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1. INTRODUCTION

The MRI systemn needs a medical office detecting a
disease in carly stages. It has good points which is
possible 1o take any section picture in human body,
unnecessary to give consideration to side effeets for the
X-ray. The MRI system can get any image in human
body. since the hydrogen in the body radiates radio
wavces {rom a resonance with changing magnetic fields,
To realize high-speed imaging, various currents in GCs
have higher output amplitude and guick rise and fall
response capabilities.

Considering this backdrop, a new power conversion
circuit for switch-mode gradiemt power amplifiers in
MRI systems is proposed in this paper using a parallel
connection of the 4 quadrant DC chopper circuit with
IGBTs at their inputs/omtputs (Fig.1), and a umique
digital control scheme for the circuit on the basis of
optimal type-1 servo control. Furthermore, preview
digital control is introduced into the amplifier with a
corrective  contro} scheme applied to improve the
control of GC current and aftain robustness. The
eftectiveness of the above scheme is evaluated through
computer-aided analysis.
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Fig.1  The parallel connection of the 4 quadrant DC chopper circuit with IGBTs
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2. OPTIMAL PULSE LAYOUT FOR IGBT
GATE SIGNAL IN PROPOSED CIRCUIT

The discrete svsiem statc cquation of the power
conversion circuit shown in Fig. [ can be written as

x(k +1) = Ax(k) + Bu(k - 1)
y(k) = Cx(k)

where X(k)=[iz1(k), Laa(k). inr(k). in2(k), vea(k). ves(k),
iGe(k))"eR™", is the system state  vector. (k-
1) [Va].p](k 1) Vanp)(k 1) Vire23 (k 1) 1},).[)4(](
1T eR*" is the wﬂem input vector. and Y(k)=[i,;(k),

iaa(k), inr (k). Ip2(k)) €R* is the svstem oulpul vector.
A, B, and C arc real cocflicient matrices with
appropriate dimensions. Since digital control involves a
time lag. it is necessary for the DSPs 1o consider the
calculating time. Therefore. the input signal U(k-1) is
calculated between the sampling time 4-1 and k.

The power switch devices are turned on and off such
that the input voltages (o each of the LCR filters are
given some pulses with magnitude v;, or ¢ and width
pilk) (i = 1 to 4) centered during sampling interval T
The pulse width vector p(k)=[p;(k). pak), ps(k).
p«k)|" eR*" will be derived in terms of the following
equation.

(D

pik) - ) (2)

Each chopper inductor and capacitor can behave like
a low pass filter. but these are not effective enough to
eliminate the current ripple. The basic concept of pulse
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Fig.2 IGBT gate signal lavout in the amplificr

generation procedure to minimize the current ripple is
illustrated in Fig.2. Using data sampled at t=(k-1)Ts,
mput vector U(k) is calculated during a sampling
interval Ty with the pulses [p;(k), ps(k)] centered on
sampling interval Ts and the pulscs [pa(k). ps(k)]
equally divided in hall and arranged on each sidc of the
sampling interval 7y. As a rtcsult of this pulse
generation procedure, the filter inductor currents i,;
and i,> (ov fy; and i) which take the form of
triangular-waves arc obtained as shown in Fig.2. The
ripples of filter inductor currents are mutually canceled
out, and thus the ripple of the symthcsized current
la1tigz (OT ipr+ipy) becomes very small and its
frequency is twice as high (2fs) as each of the inductor
currents (fs). The current into the GC may be
considered as been produced by the superposition of
filter inductor currenis i,; and iy (or iy; and iy).
However a small current will tlow through the
capacitor and in order 1o obtain betler conirol of the
GC current, it should be taken into consideration.

3. THE DESIGN OF OPTIMAL TYPE1
DIGITAL CONTROL SYSTEM

Even though the GC current is designed as the
combination of two target currenis, Ve . the GC
current will not achieve the desired value since a
current flows through the capacitor C, (or C,). Usually,
the error signal vector is defined as (k)= Yredk)- (k) |
e(k)eR"". where Viedk) eR*"consists of the output
reference signals. but in order to overcome this error, a
corrective expression is added as

ec(k)= Yoo (k) + Re(k) - y(k)
Y ) (E) ©

where R, (k) = F(k)x(k)

0 k) o0 o 0 0 0
0 0 k) o 0 o 0
0 0 0 clk) 0o 0 0

. _ ia1(k)+[“2( ) (k)
&, (k) = 205 (i) +ir( ()
i dn(R) i (k) + 100 (k)
Cz(k)—__z_()x(zbl(k)""ﬂ( ))

- 870 -



Preview Control Loop

| PG ]nz.‘egral Action MWE o

Processing time delay

Switchmode Gradient Power
Awmplifier

compensation —] ‘é; k ,
& R CL— - ) T |
y r () = g o -W i e | - o o ‘

] b
: *63} s _va2 !
gq 7If q@g O ; ﬁ J;l — ;
| ‘Na Uiy 3
\ /F“M W Toes!
,‘ 4% “
! Vb3 1
\ LI al !

+ R.(k) <
T Fo® AD

&‘f’* y(&

Full state feedback control

Fig.3 Improved Digital Optimal Type-1 Servo Preview Control system for
two paralleled 4 quadrant DC chopper

R¢(k) makes compensation for capacitor current losses
of cach filter. Since Rg(k) is calcnlated each sampling
time, eg(k) deals with the difference between each filter
current and reference, as usual.

In the design stages. we must take the processing
delay time inlo account and compensate it. Assuming
that the processing time, which is regarded as input
delay time, is equal to a sampling interval T, the Error
system is derived from (3).

ec(k+1)| [ ~CA -CB| ek)

Ax(k+1)|=|0 A B | Ax(k)
Au(k) 0 0 0 | Au(k-1)
0 Is
+| 0 |Au(k)+ oLym ok +1)

I Q]

Xolk + 1) = @Xo(k) + GAu(k )+ GrAYrer. ok + 1)
(4

where A relers to the difference between the values
corresponding to the present sampling time with that of
the preceding sampling time.

A performance index J is delined as follows:

)+ A0 (k) HAU(K) (5)

J= Z[x

where, Qe R”"""" and He R** are the weighting factor
matrices. According to optimal regulator theory, Au(k)
is derived by solving eq.(4), such that (5) is minimized.

Aufk)= Fy X (k) + ForAR(k +1)
= Fo80(k) + P (k)

+ Fp, AUk -7) + FDRAy,e,__c(k +1)
~-{H+G'Pd'cPefo @] ©
-A[o

For = F,Gq
P=-Q+@ Po-0" PAH+E PG]"IGT P®

Since the futuristic reference values are known a
priori. a preview control term is added to improve the
overall response of the control system. On the basis of
(6). the Improved Digital Optimal Type-1 Servo sysiem
is illustrated in Fig. 3.

4. SIMULATION RESULTS

Tablel shows simulation parameters for the new GC
amplifier in MRI systerns, The latest switching devices
(IGBT. Power MOSFET, etc.) are not sufficiently
cquipped to operate the GC current since their
switching frequencies are limited in order to guard itself
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Table 1 Simulation parameter

3¢ Power Source Voltage | vipn rmy. | S00[V]
Sampling Frequency fs 20.0[kHz]
Gradient Coil E Inductance Lae 200[nH]
Resistance o 0.1[4Q]
gg%a:gs;';r Inductance | Lar™Lyy | 180[uH]
Capacitance | C,, Cy | 5.0(pH]
Resistance | Rew R | 1.0[Q2]

from device destruction. For example. IGBT which is
widely used has an operation frequency of 20[kHz|.
Therefore. each IGBT gate signal instruction is given 1
command per 50[ps] (Sampling Frequency=20[kHz}).
The DC chopper inductor current will be considered
which has the same ripple frequency as the switching
frequency (20kHz). but the current ripple frequency of
Gradient Coil will be twice the switching frequency
owing to optirnal gate signal lavouts (Fig. 2).

Figure 4 shows the inpul 3@ DC vollage (Vi) and
the input voltage (vi,) which has climinated high
frequency ripples. The 6-diode lull-wave rectifiable
circuit changes 3@-AC 1o DC with a large ripple
frequency of about 360 [Hz|. Because of filtering by the
large filicr capacitor C'; (over 1.0mF]). v,, can be kept a
constant value of about 700[V].

Figure 5 shows a GC current along with a trapezoidal
relerence wave form, having a rate of increase of 1.0[A]
per 1.0[us] and a 250[A] (lat top maximum current. By
taking a broad view of the GC current as shown in this
figurc, it could be understood that the current follows
the target with almost no delay time which confirms the
high controllability of the new digital optimal typc-1
controller. It is clear [rom Fig.6 that the tracking is
excellent for various larget currents.

Figure 7(a) shows thc magnification of the GC
current flat top of Fig. 5. Obscrving Fig. 7(a) closely.
the GC current has only a little overshoot at the
transition poinl 1o the fixed current target, and
converge thereafter with a small oscillation. The
efficacy of the corrective value RAk) is appreciated as
compared with Fig. 7(b), where no corrective value has
been used. The GC current in Fig. 7(b) has a sieady-
state deviation when the steady current target and has a
large current overshoot than Fig. 7(a). Consequently
from these observations it is evident that using the

corrective value Rg(k) ¢nhance the controllability of the
GC current.

Figure 8 shows the simulation result of the input
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Fig.6 GC currents for several largets

current (1,,) for the proposed circuit for two diflereal
valucs of the circuit parameters rge . [ this figure is
closely looked at it indicates the flow of the input-output
power. In other words, the positive current means the
consumption power in the proposed circuit, and the
negalive means the regencralive power 10 the input filter
capacitor. According to these simulation results, the
proposed amplifier consumes a large amount of power
with the increase of the internal resistance rge as
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Fig.8 The compensation of the input current for rge

expected. The ideal condition of Gradient Coil and
chopper inductor do not have the internal resistance.
but in reality, both have a small resistance. This
consurnption power is dissipated as a heat energy in
MRI svstems. Figurc 9 gives the power loss in
proposed amplifier. Since the MRI system is expected
to generate heat, we have 10 study how to eliminate
the heat.

5. CONCLUSIONS

A two-paralleled 4-quadrant DC chopper type
power conversion circuil using IGBTs has been
introduced into the switch-mode gradient power
armplifiers in MRI syslems jn order to overcome ihe
limitation of low {requency switching characicristics
and 1o obtain high speed and precise controllability. A
unique digital control scheme (0 minimize the ripple
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Fig.9 Consumption power of the proposed amplifier

and improve the rise/fall response characterisiics of the
output current in the GC has also been proposed. The
input voltage v, has a ripple with the 3-phase rectification
of AC to DC. but the controlled current has eliminated the
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negative effect and tracks the 1arget current well despite
sharp variations in the target current. Moreover. it has
been proved by this simulation that the proposed control
method with the corrective value Re(k) is very useful to
improve the GC current controllability for the proposed
circuit. It can teduce the steady-siate deviation of the
GC current and the curreni overshoot for the target. We
can also build the mew comtroller with artificial
intelligent concepts such as Fuzzy. Neural Network. and
GA (Generic Algorithms) etc..

. On the other, the important problem was found out by
the estimation of the power loss. The inductor current
conduction will reduce in proportion to the rising
temperature. In other words, the circuit efficiency will
reduce if we should not consider the elirnination of heat
during the experiment phase.

In conclusion, the new power conversion circuit using
digital optimal control scheme can be applied to many
industrial equipmeni with highly-inductive magnetic
coils. The simulation resulis through computer-aided
analysis confirm that a high GC-current fracking
accuracy is achieved under high power output levels in
this system.
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