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Abstract—This paper presents the development of a In [3]-[5], the design and implementation of a switching-
switching-mode AC power amplifier for armature excitation of mode power amplifier for shaker armature excitation has
an electrodynamic shaker. The proposed solution is based on been presented. The proposed solution is based on a current

a voltage controlled single-phase PWM inverter with digital - . . e
control. A model reference adaptive controller that assumes controlled PWM voltage source inverter with high switching

reduced knowledge of the plant and guarantees robustness to frequency and low output power (50 kHz, 400 W). Good cur-
parameters variations and rejection of bounded disturbances is rent control characteristics were demonstrated experimentally.

employed. Fixed and swept frequency experimental results show However, current mode operation usually gives the amplifier
that the proposed solution is capable to achieve good voltage high output impedance, which is more advantageous when

reference tracking over a wide frequency range (20 Hz to 2 - . .
kHz). The system configuration, the dynamic modeling and the acceleration closed loop control is not required and the shaker

voltage controller of the AC power amplifier are described. is operated in its mid frequency range [2].
A voltage controlled PWM inverter rated at 5 kVA and 80
Keywords - Shakers, Pulse-Width Modulated Inverters, kHz has been presented in [6]. The control scheme is based
Robust Adaptive Control, Discrete-Time Control. on an analog implemented PI controller. Experimental results
were provided between 2 Hz and 5 kHz, but with no direct
I. INTRODUCTION comparison between the output voltage and its command.
] ) o Another solution consisting of a 3 kVA, 12 kHz voltage
The electrodynamic shaker is an essential piece of t@gfntrolled PWM inverter has been proposed in [7]. The control
equipment for vibration-pro_of testing of. ele_ctronic a”d.mestrategy is based on a digital implemented robust model
chanical products. The major task of vibration control is tRsference adaptive algorithm. Good results were demonstrated
let the table carrying the device under test be aCCUVat‘“é)(perimentally between 10 Hz and 1 kHz. However, since
vibrated according to the command. Application areas includgyst vibration test specifications require frequencies up to 2
aerospace, automotive, shipping industries, building, electigy; some modifications in the inverter design and voltage
nics, machine-tool and package. The most common uses &gtroller need to be considered.
related to production control, frequency response, dynamic-rhen, the main contribution of this paper is to present an

performance and environment tests [1]. ~ improvement of the AC power source frequency range of [7]
The equipment usually employed for the execution Qfy redesigning the inverter and introducing modifications in
mechanical vibration tests includes not only the shaker, by robust adaptive voltage control law. The system configu-

also a power amplifier and an acceleration controlling angtion, the dynamic modeling and the voltage controller of the
monitoring system. Traditionally, electrodynamic shakers apgs power amplifier are described in detail.

fed by linear audio power supplies with controlled voltage
and frequency. This scheme usually results in high vibration|, SysTEM CONEIGURATION AND DYNAMIC MODELING
performance due to its low distortion power, but also presents OF THE PROPOSEDAC POWER SOURCE
large size and weight and low conversion efficiency. The use ) ,
of a switching-mode inverter replacing the linear one can avofti System Configuration
these disadvantages, but more sophisticated control is needethe schematic diagram of the switching-mode AC power
to reduce the effects of harmonics on vibration performanceource is shown in Fig. 1(a). It consists of a three-phase full-
The development of high performance switching-moderidge uncontrolled rectifier, a filter capacitor, a single-phase
power amplifiers for electrodynamic shakers has constitutgdltage-controlled PWM inverter and a LC filter. The inverter
an important research interest area for shaker manufacturgeserates a three-level pulse-width modulated voltagg,,
over the years [2]. In general, designing a power amplifitdased on the voltage control signalThe output filter is used
for armature excitation of vibration machines requires low reduce the harmonic content of the shaker input voltage
distortion and good voltage or current control performandge order to eliminate vibrations outside the main frequency
over a wide dynamic and frequency range (typically, 10 Hz t@nge. A digital control platform acquire the output variables,
2 kHz). In this case, the effects of the back electromotive forcempute the control law and generate the PWM signals.
generated across the shaker armature as well as the parametEne electrodynamic shaker (model St 5000/300 manufac-
variations have a substantial influence on the response of theed by TIRA) is a 1 kVA, 110 V vibration machine capable
electrodynamic vibration machine. to operate from 20 Hz to 5 kHz. The maximum sine force peak
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3¢ Rectifier 19 Inverter Specimen | two IGBTs to switch at the same time (the dead time is
36 AC ! Output filter @ configured as 0.25:s). To reduce the harmonic content of
source o] o] — Lo Table the output voltagey,, a LC filter is employed with a cutoff
N N icl + frequency of 3.2 kHz designed by observing the need of
@* Va Opum Y, g & establishing a compromise between the desired maximum
| o o] = = harmonic distortion, the high-frequenpy amplific_ation and the
phase change produced by the LC filter insertion. A balance
: Electrodynamic between the inductor current and the capacitor voltage ripple
Shaker is obtained by means of a 25MH, 10 xF design.
A multifunction interface board is used to communicate
— the microprocessor and drive module. It includes two 12 bits

A/D converters at 24 kHz sampling frequency, three 16 bits
counters and three PWM signal generators. The software and
@ hardware synchronization is carried out by the use of the
three 16 bits counters. A program developed in Borland C
programming language in the microprocessor acquires the
external variables and computes the control law according to
the specified voltage amplitude and frequency. The control
signal is converted into a PWM signal and then applied to the
ACPS module through the multifunction interface board.

The AC power source and microcomputer’s interface is
(b) provided by an internal board that converts the TTL level
PWM control signals from the microcomputer to the input
drive circuits of the inverter module. The output voltage is
measured by means of a signal conditioner that converts the
- 110 V to 110 V output voltage range to TTL levels needed
v, for digital conversion in the microcomputer.

iC .
% *

(©

Fig. 1. The Switching-mode AC power source: (a) System configuration. (b) v
Equivalent electromechanical circuit. (c) Transfer function block diagram.

Shaker impedance

Is €
ms> +cs+k

is 3 kN, the mass of the armature, table and fixture assembl

is equal to 22 kg and the maximum specimen weight is 46 kg.
The proposed AC power supply is designed to operate

as a voltage source for the electrodynamic shaker so tha

sinusoidal accelerations can be produced. Based on the vi

bration machine’s constraints and on typical vibration tests

requirements, the frequency range is set equal to 20 Hz to Fig. 2. The designed AC power source

2 kHz and the maximum voltage and current amplitudes are

defined as 110 V and 20 A, respectively. A 2 kVA three-phase

insulated transformer (Fig.2) supplies the input rectifier andga pynamic Model

soft starting circuit composed by resistors, contactors, contact- ) ) ) )
bottom and timer relay is employed to protect the rectifier Assuming that the mechanical dynamic behavior of the elec-

from the inrush current. The single phase full-bridge Pwijfodynamic vibration machine is approximately represented by
inverter is composed by two IGBT modules manufactured Bj€ Single degree-of-freedom mass-spring system of Fig. 1(b)
Semikron (model SK45GB063) and rated at 600 V, 30 A arfid that the air-gap flux density built up by the field winding is
30 kHz. Due to limitations of the PWM signal generation thgonstant, the electrical and mechanical equations that governs
switching frequency is set equal to 24 kHz. The IGBT moduldf€ shaker system can be written as

are driven by two SKHI200pA Semikron drivers featuring dis,

short circuit protection and interlock circuit to prevent the Upwm = LOE + Vo 1)
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di,

vy =L—2 + Ri, + e (2) due to nonsinusoidal driven power should be reduced as far
dt as possible. So, in addition to have good power electronics,
dv, . . . sophisticated control technique is also indispensable for ob-
o—— =1, =1 — 1o (©) . . L
dt taining the desired control characteristics.
22 da The choice of a nominal load representing the actual one
fo=Ti,=m— +c— +kzx (4) makes the design of the AC power source voltage controller
dt? dt . . .
simpler. In this case, the dynamic of a voltage-fed shaker
where A can be even more disregarded by means of a robust adaptive
I' = Bl is a force-generating constant; control scheme intended to compensate systems subjected
B is the magnetic flux density; to parameter variations, unmodeled dynamics and bounded
[ is the effective length of the armature conductors;  disturbances.
e is the back electromotive force (EMF); Assuming, therefore, that the back electromotedicated
fo is the linear force developed by the armature windings Fig. 1(c) corresponds to an unknown bounded disturbance
Upwm IS the PWM inverter output voltage; and that the shaker’s armature inductance is not modeled, the
ir, is the inductor current of the output filter; AC power source nominal load can be represented by the 1
L, is the inductance of the output filter; kVA, 110 V resistive loadR shown in Fig. 3. Then, the ACPS
C, is the capacitance of the output filter; nominal plant composed by the,C, output filter-resistive
v, Is the voltage acros§; load association can be stated as
L is the armature winding inductance; Uo(5)
R is the armature winding resistance; Go(8) = —2T— = Gools) [1 + pAn (5)] + pAa(s) (5)
. . . v wm(s)
x is the displacement of the armature; P
v = dx/dt is the vibration velocity of the armature; ~ where
a = d*z/dt? is the vibration acceleration of the armature; Zo(s) 4 x 108
i, is the armature winding current; Guo(s) = kp Ro(s) 571 8.33 x 10 + 4 x 108 (6)
m is the mass of the whole armature and table assembly; ]
¢ is the damping coefficient; iS the transfer function of th_e _moc_ieled part o_f_the plant,
k is the spring constant. uA,,(s) and puA,(s) are multiplicative and additive plant

One of the most important components in the equivr:xlea?rturmt'ons and,(s) and R, (s) are monic polynomials of

circuit is the motional back EMF, which gives the shaker th egreem;, andn,, respectively.

active nature. Since = I'dxz/dt, the shape of the terminal I ; ;

voltage characteristic will initially tend to follow that of P i

the vel_ocny charact_erlstlc. How_ever, for a cons_tant an_wphtude . 250 pH i, ¢ . . i
sinusoidal acceleratioa, the motional EMF dominance in the AN

equivalent circuit fades as the frequency increases, owing to o G 12RQ
the continual decrease in velocity & a/w, wherew is the - 10 pF — -

vibration angular frequency). Then, the armature’s winding

reactance and resistance drops become significant and finally Fig. 3. The nominal load of the AC power amplifier.
dominant. At very low frequencies (0 to |0 Hz), suspension

forces exceedma inertial forces, the inductance drops are By doing so, the following assumptions are satisfied:
negligible and the equivalent circuit approximates Roin Al - Z,(s) is a monic Hurwitz polynomial of degree,, (<
series with the EMF generata At the suspension mass-n,—1);

spring resonance (typically 20 Hz), motion can be sustainé@ - R,(s) is a monic polynomial of degree,,;

with virtually no current. Beyond this point, the EMF ge-A3 - the sign ofk, and the values ofn, andn, are known.
nerator has a value inversely proportional to the vibratiod - A,(s) is a strictly proper stable transfer function;
frequency. Above 1 kHz or so, the equivalent circuit caA5 - A,,(s) is a stable transfer function;

then be approximated to one comprisiRgand L in series. A6 - a lower boundp, > 0 for which the poles ofA,(s — p)
These parameters are not constant due to skin effects [2].amd A,, (s — p) are stable is known.

addition, the shaker’s, andi, characteristic changes from an The adaptive control objective can then be stated as follows:
capacitive load at low frequencies to an inductive nature ovgiven the reference model

the mid frequency range. Om(5) 1

= Wm(s) = knLi
I11. AC POWER SOURCEVOLTAGE CONTROLLER r(s) Dy (s)

The main requirement of the AC power amplifier voltagevhere D,,(s) is a monic Hurwitz polynomial of degree
controller is to regulate accurately the amplitude and frequeney = n, — m, andr is an uniformly bounded reference,
of the shaker supply voltage, according to the specified design an adaptive controller so that for sopie > 0 and
command. To achieve this goal, the harmonic vibration effeasy 1 € [0, u*) the resulting closed-loop plant is stable and

)
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the plant outputv, tracks the reference model outpuf,
as closely as possible for all plant perturbatiahg(s) and
A, (s) satisfyingA4-A6.

To achieve the adaptive control objective, the inpand the
outputv, are used to generate, — 1) dimensional auxiliary

More specifically, selectingV,,,(s) with smaller rise and

settling time than the modeled part of the plant (Eq. (18))
usually results in good closed-loop performance and also
avoids overloading the actuator during transient periods. Then,

9.87 x 108

Win(s) = (18)

vectors as
52 +3.96 x 10%s + 9.87 x 108

Fig. 4 indicates the step responsesf,(s) and W,,(s).
Comparing these results, one can conclude that the perfor-

ance of the closed-loop system is now mainly dependent on

ow the nominal model of the AC power source load repre-

w; = (sI-F)lqu

wy = (sI — F)~tqu, ®)

whereF is a(n, — 1) x (n, — 1) stable matrix andR,q) is a
controllable pair. Then, the input control law can be comput

from
w= 0w+ c.r 9) sents the actual electrodynamic shaker and, more importantly,
¢ on how the parameter adaptation algorithm can deal with such
where 87 = [ 6] 61 05 ] is the (2n, — 1) control differences.
parameter vectow™ = [ w¥ wl v, ] ande, is a scalar L6
feedforward parameter. '
The augmented errar; can be expressed as G (s)
£1 = Vo — Up +0T¢ — W, (5)0Tw (20) — W, (s)
where¢ = W, (s)Iw. Ll /\
The parameter adaptation algorithm corresponds to a modi N
fied least-squares algorithm presented in [8], i.e., &
. P s
0= —oP6 — le 1)
mg 0.5F 1
. PP P2\ _
P=- m2 + (AP — I a2 (12)
with P = PT such that 0 ‘ ‘ ‘ ‘
0 03 0.6 0.9 1.2 1.5
0 < P(0) SARL, pi® < ki (13) Time (ms)
m'U = —(Somv + 61 (‘Ul + |’Uo‘ + 1)a mv(o) > (51/50(14) Fig. 4. Step response Gvo(s) and Wm(s).
where), i, R? 6, andd; are positive constants aidgl satisfies
do + 02 < min [po, QO] (15) b W (s)=k, 5 l( ) D
where gy > 0 is such that the poles d¥,,,(s — ¢o) and the nt
eigenvalues oF + ¢oI are stable and, is a positive constant. Reference Model
po > 0 is defined inA2 ando is given by -
. . Pee, &—(O)
0 it 6] < Mo | o=—opo-T [T
191 - 0 g e
- <]WO -1 it Mo <[] <2M, (16) Parametric adaptation
oo if 18] > 2M, - v o
with Y u=0"o+c,r G ()1 +uA, ()] + 1A, (5) (——»
_2 /12 > u
o0 > 2/ /RU (17) Control law Plant

where M, is an upper bound8*| (see Assumptiom\5).

As stated before, the main control problem consists in
determining an appropriate control parameter vector so that
the resulting closed-loop plant is stable and the plant output
v, tracks the model reference outpyy, as closely as possible, The modelled parG,,(s) of the plant has a magnitude
i.e., the desired closed-loop performance is clearly expressedrease at high frequency operation due to resonances that
in terms of the model reference’s choice. occur between the output filter's inductor and capacitor. In

Unfortunately, there is no rule of thumb for designingractice, this amplification can be dealt as an increask, of
W,.(s) but a common approach relates the model referenaed consequent necessity of reducing the control parameter
to the dynamic of the open loop system (see [9] and [10}), as long ask,, remains constant (according to the model

Fig. 5. The AC power source voltage controller.
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reference control theory [11}, = k,,/k,). Then, differently Hz and from 600 Hz to 2 kHz, respectively. The good dynamic
from [12], the following modification is introduced in thetracking characteristics observed in these results indicates that
robust adaptive control, the proposed solution is capable to be applied on vibration test
59 £/500 - control by adding an acceleration control scheme.
co(f):{ 2—(1.7) if f <500 Hz

0.5 if f> 500 Hz (19)

where f is the frequency of the reference The development of a high performance switching-mode AC

By domg so, the proposed voltage control system Inc_ilcatf)gwer source for vibration test control of an electrodynamic
in Fig. 5 is capable to guarantee good reference tracking ker is an important and challenged issue. Low harmonic

stability both ;‘t low and higlh frequency operation. Table disiortion and good voltage or current tracking performance
summarizes the main control parameters. are required over a wide dynamic and frequency range and
can only be obtained by using a high switching rate PWM

V. CONCLUSION

TABLE I inverter associated with a sophisticated control technique.
Parameters of the adaptation algorithm This paper has presented the development of a switching-
gar?“‘leter — ng(“O‘;"' = (‘)’z‘ue ot mode AC power amplifier for armature excitation of an
ontrol parameter vector - . . . . .
Covariance matrix P(0) 100 x Tsxs electrodynamic shake_r. The proposed ;olutlon is bas.ec.i on
Regression vector ¢(0) [0 0 0]T a voltage controlled single-phase PWM inverter with digital
";\]Y{m;n}c matfll’f F 3888 control. A model reference adaptive controller that assumes
€1g 1mg matrix q
Filter of 1 w1 (0) 0 reduced knowle_dge of the pla_nt gnd guarantees ro_bustness to
Filter of v, w2(0) 0 parameters variations and rejection of bounded disturbances
EP“?ta‘_“ defSig“ parameter A (;01 is employed. Fixed and swept frequency experimental results
1mitation factor I . . . .
Covariance matrix limitation factor R 10 showed that the proposgd solution is capable to achieve good
Constant design parameter o 0.991 voltage reference tracking over a wide frequency range (20
COIPStaf}t delﬁjlgP P?Iant}etef 13[1 ; Hz to 2 kHz). The development of an advanced acceleration
o function limitation factor 0 . . . .
Upper bound of the o function o0 o1 control technique is currently being undertaken to accomplish

the proposed vibration test control system. The results will be
IV. | MPLEMENTATION AND EXPERIMENTAL RESULTS reported in the near future.

The feasibility of the proposed AC power source and voltage
controller has been verified experimentally. Firstly, the robust
adaptive control scheme has been written in a recursive forfn] C. M. Harris, Shock and Vibration Handbopkith ed. New York:
by applying the Euler's approximation to the algorithm's _ McGraw-Hill, 1995.

dif ial . d f . h déZ] R. Fair and H. R. Bolton, “Analysis and design of electromagnetic mov-
Ifferential equations and z-transformation on the zero-order ing coil vibration generators,” ifProceedings.,.International Electrical

hold/model reference transfer function (sampling frequency Machines and Drives Conference. Oxford, UK: IEEE, 1993, pp. 529—
equal to 24 kHz). Then, the proposed voltage control schemg 534

. . T. H. Chen, K. C. Huang, and C. M. Liaw, “A high-frequency switching-
has been applled to compensate the tracklng error between l[ﬁb mode power amplifier for shaker armature excitatiol5E Electric

shaker’s input voltage, and the model reference,,. Figs. Power Applicationsvol. 144, pp. 415-422, Nov. 1997.
6(a) and 6(b) show experimental results at two frequencidél T. H. Chen and C. M. Liaw, “Vibration acceleration control of

.. Lo . . an inverter-fed electrodynamic shakeH2EE/ASME Transactions On
conditions. As indicated, the proposed solution is capable t0 e hatonics vol. 4, pp. 60-70, Mar. 1999.

achieve good fixed frequency reference tracking performangs; ——, “Soft-switching inverter for electrodynamic shakeZE Electric

both in 20 Hz and 2 kHz despite of the the back electromotive Power Applicationsvol. 146, pp. 515-523, Sept. 1999.

: - J. Han, T. Tang, and X. Wang, “A high-performance switching mode
force disturbance, the parameter variations and uandeléEa power amplifier for electrodynamic shaker,” Rroceedings.,.Interna-

dynamics on the plant. tional Conference on Industrial Technology. Hong Kong, China: IEEE,
To verify the transient tracking response with frequency 2005, pp. 491-495.

; ; ; L. Della Flora and H. A. Gindling, “Digital environment for sinusoidal
varying ConthOUS|y' a constant amp“tUde voltage has bee[H vibration test control of an ac power source-fed electrodynamic shaker,”

employed to drive the electrodynamic shaker. The reso- Jjoumal of the Brazilian Power Electronics Societpl. 11, pp. 167-174,
nant search test requirements recommended by the standardNov. 2006.

ANSI/ASAE EP455 [13] have been taken as a practical eXL8] R. Lozano-Leal, J. Collado, and S. Moéadi‘Model reference adaptive
control without a priori knowledge of the high frequency gailEEE

ample of frequency sweep. According to these specifications, Transactions on Automatic Contralol. 35, pp. 71-78, Jan. 1990.

the device under test must be submitted to a sinusoidal fr8] K. J. Astrom and B. WittenmarkAdaptive Contral Addison Wesley,
; ; 1989.

quency. sweep at t.he rate of 1 octave/minute, which demarﬂg@ I. D. Landau, R. Lozano, and M. M'Saaddaptive Contral Springer,

approximately 7 minutes to complete a whole sweep betwe 1998,

20 Hz and 2 kHz. Then, to facilitate the exposition of th@l1] P. A. loannou and J. SurRobust Adaptive Control Upper Saddle

results obtained, some particular frequencies were selected and River: Prentice Hall, 1996. ,
12] L. Della Flora and H. A. Gindling, “Acceleration control of an

combined i!’l the same figure. Figs. 7(a) and 7(b) show the inverter-fed electrodynamic shaker,”roceedings., Power Electronics
corresponding measured voltage waveforms from 30 Hz to 100 Specialists Conference. Jeju, Korea: IEEE, 2006, pp. 2799-2805.
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Rms error: 4.5% Rms error: 3.6%
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Fig. 6. Reference model output,, and the measured voltage waveform. (a) 20 Hz. (b) 2 kHz.
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Fig. 7. Reference model output,, and the measured voltage wavefotm with frequency variation. (a) 30 Hz to 100 Hz. (b) 600 Hz to 2 kHz.
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