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Abstract— A low-cost and low-power residue amplifier (RA) non-overlapping clocks such that high performance and lost can
used in inverter control of sensorless BLDC (brushless DC) be achieved. The measurements on silicon justify the fidefitthe
motors is designed and implemented. It is implemented basghn proposed RA design.
on a folded-cascode operational amplifier without using any
extra bias circuit or CMFB (common mode feedback) circuit. Il. RA DESIGN FORBLDC INVERTER CONTROL
The RA is aimed at the real-time voltage difference estimatin
between the neutral voltage and the average of the voltagesio
the 3 phase windings of the motors. The correctness as well as - o "
the performance of the RA seriously affects the success of ah 2l sensor will be utilized to detect the position of theartThe
sensorless inverter control of the BLDC motors, since the kzk- individual function of major blocks is briefly described asldws.

EMF (back-electromotive force) estimation method, which étects (1) 8-bit Microcontroller : Although DSPs possess highpeex

Fig. 2 reveals the block diagram of a brushless DC (BLDC)
motor control system using a sensorless inverter contralleere no

the commutation moment for rotation control of the brushless and precision than the general microprocessor, they sufier

DC motors, relies on the accuracy of the RA. The proposed RA the overhead of area, cost and large power consumption. A
is low power and low cost because expensive power consuming 8051-compatible MCU (microcontroller) with a power-sayin
Hall sensors are no longer needed in the motor inverter congiler. algorithm based upon the feedback signals from the zero-
Physical measurement of the RA on silicon has shown the error crossing detector and the ADC (analog-to-digital conviiste

is less than 3%. used in this work.

(2). PWM Generator : A total of six channels with six groups of
registers are needed to generate required voltage waveform
However, PWM signals applied to the motor control system
have an interdependent relationship among the controbkkign

|. INTRODUCTION Then, the output of six signals can be simplified with a single

group of registers to save area cost.

Zero-Crossing Detector : Since the proposed systenmlynai

is focused on the applications where the required revaiutio

is less than 4500 rpm (75 rotations per second), the slowest
transfer time of 58.0 ns is far more than enough to carry out
the zero-crossing detection.

. ADC : In order to reduce the power consumption of ADC, we

adopt the charge-redistribution successive approximgsA)
architecture is this work.

Keywords : inverter, sensorless, brushless DC motor, uesampli-
fier, zero-crossing

Power requirements of large motors in home appliancestdicta @).
the overall power consumption of a house, such as, air dondigs,
washing machines, refrigerators, and water pumps. The Birid®rs
probably are the most widely-used motors in these apptiosti
[1], [2]. The conventional controls of motors are quite sienp
either ON or OFF. However, such a simplicity will result intdo 4)
of collateral damages, e.g., high power dissipation, |a@jse, large
harmonics, and heat problems. If the motors are driven bgriars,

e.g., air conditionings, they are no longer controlled byirapte
switch to be turned on or off. On the contrary, the rotatioeesb A Analysis of prior RA design

and the direction of the motors will be automatically adagsty

certain well-developed algorithms such that the tempesatuiill It is obvious that RA has to carry out an accurate estimatfon o
be kept stably, and the power consumption is reduced. Hdnce, the voltage difference between the neutral voltage andvaege of
adopting inverters, not only is the motor power saved, thisejo the voltages on the three phase windings [6]. In other watdspst
harmonics, and heat problems are also expected to be rdsdlge €stimate the non-excited back-EMF.

development of such a motor inverter controller IC is pattdy 1

important to the widely used DC motors in home appliancefhews Vout = Vnatural = 3 - (Vat+ Vo + Vo) (1)

in Fig. 1. Although advanced microprocessors with highenjgoting ) )
capability and execution speed are used in motor controlci@ain  WheréViatura is the neutral voltagey,, Vs, V.. denotes the terminal
interface ICs are still required in the build-up of contrgsems [7]. Voltages of the three phase windings,.. is the output of the OPA.
Several problems need to be resolved in such a motor applicat Although Chenget al. proposed an RA design in [6] basing
scenario. First, the reduction or the removal of the noiseesithe on a capacitive reset gain amplifier [8], the operational ldap
motor usually operates in such an imperfect environmentoi®® (OPA) therein drastically affects the overall performaniceluding
the rotational direction of the rotor must be determineder€fore, speed and noise immunity. For instance, the common-modage|
the RA in charge of detecting the voltage difference of thetre¢ V.,,, which is coupled to the minus input of the OPA might be
voltage and the average of the 3 terminal voltages of thenpd&y a vulnerable to the power supply noise or the vibration of thetan
very critical role. Traditional amplifier designs, e.g.],[B], are not An additional CMFB (common-mode feedback) circuit and adugap
capable meeting the required low cost and low power perfooma bias might be needed to regulate thg,. What worse is that such
We, thus, in this work, propose a novel RA design utilizingptw an extra feedback loop might introduce an extra low-frequepole



to deteriorate the speed performance and the DC gain. Mékmwhcascode transistors which provide additional noise rigjedbesides

the detailed schematic as well as the analysis in the prickswvere
never studied and explored.

B. Cost-effective RA design

Referring to Fig. 3, the architecture of the proposed RA
revealed. Notably, the minus input of the OPA is permanegitbund
due to two simple thoughts : Firstly, since the speed of th®8L
motor (= KHz) is far less than switching speed of MOS transistets (
100 MHz), the noise in the high-frequency is unlikely to @ntnate

the low-frequency band of the motors, the CMFB and bandgap bi

can be removed without causing any noise problem. What esttarb
is that the poles introduced by the extra feedback loop cavbieled.

By a similar thought, the offset voltage compensation lsissm® no

longer needed. Therefore, the overall cost will be dralyicaduced.

In short, the RA can be modified to be the cost-effective desig

shown in Fig. 3.

the current source function. Two cascode current mirrooviging

a wide swing current are composed of NM08, NM09, NM10 and
NM11, respectively. After a few derivation steps, the chteastics

of the amplifier are found as follows.

is

Ro =~  gmNM09T,NM0O9T,NM11 |
lgmpmo7.PMO7(T,NMO2 | T.PMO5)]
1
AV ~ igmNMO:L . Ro
1
~ 4
P R CL 4)

where C;, denotes the load capacitody is the DC gain,p; is
the first-order pole,R, is the output impedance of the OPgmn
represents the transconductance of the correspondingidtan and
r, represents the the output impedance of the correspondingistor
looking into the drain.

Another design issue is to reduce the notorious channelgehar

injection when the MOS-based switches are used in the RAiitirc
Besides the required non-overlapping between the clociaSg-lk1
and clk2, the signalsclkla and clk2a which control switches, S3
and S4, respectively, must lead the corresponditg and clk2 by
a sufficient amount of phase shift. Otherwise, the chargeedtin
the capacitors will leak such that the terminal voltage&t<ri

The entire operation of the RA is summarized as follows.
e reset phase :Whenclkla andclk2a are both high, switches

D. Clock generator

As we mentioned earlier, the computation of the RA heavily
replies on the accuracy of the clocks, including non-oysgiilag
clk1 and clk2, and the phase-leadingkla and clk2a. The clock
generator in Fig. 7 is utilized to provide the four clock sitmas
shown in 8. Notably, the aspect ratios of the transistortiénbuffers
of the clock generator, bufferl and buffer2, must be tunegdiecally
to ensure that the phase shift@%1a andclk2a leadsclk1 andclk2

S1, S3, S5, S6, S7 are turned on while all of the other switchB¥ 1—10 - 2m.

are off. The intrinsic offset voltage of OPA/ s, will be
copied t0C1q, C1p, and Cic, While Vieutrat — Voss Will be
copied to C2. The RA is degenerated into the circuit shown
Fig. 4.

compute phase :As soon as bothklk2 and clk2a are pulled

I1l. SIMULATION AND IMPLEMENTATION

in TSMC (Taiwan Semiconductor Manufacturing Company) 0.35
um 2P4M CMOS process is adopted to carry out the proposed RA.
The diephoto of the proposed RA on silicon is shown in Fig. 9,

high, switches S2, S8, S9, and S10 are turned on to execWRich shows that the area is 1.466.466 xm? including pads. Let

the desired voltage difference estimation. The three tami
voltages,V,, Vi, V., respectively, are coupled t61., Cip,

one of V,, V4, V. take turn to be couple t¥,c.t-q; While the other
two terminal voltages are grounded. Fig. 10 shows the wawefo

and Cy.. Meanwhile, the charge in C2 which is stored in then Agilent Infium mixed-signal OSC when the chip is undert.tes
previous phase will be shared with these three capacitdms. TThe peak-to-peak amplitude df,.. is roughly % of that of the

RA, thus, is degenerated into the circuit in Fig. 5.

terminal voltages. It is then proved that the RA realizesréwiired

The charge sharing among these 4 capacitors can be derivedUg§iton in Eqn. (1). The overall performance of the progbdesign

follows.

C2x (Vneutral - Voff) = Q(CZ)

+(Cia Va4 Cip - Vo + Cic - Vo) 2

whereQ(C2) denotes the final charge on C2. Notably, sifg; can
be ignored in the motor applications, the voltage diffeee@stimation
can be simplified as the following equation.

Cia
Cc2

Cup

Va+6"/b

Vout =  Vaeutrat — (

%12 - vc) @3)

Thus, we choos&”1,=C1,=C1.=3C2 to further simplify Eqn. (3)
into Eqn. (1).

C. Folded-cascode OPA

+

IS summarized in Table I.

IV. CONCLUSION

We have proposed a modified RA design to realize the required
voltage difference computation in a motor inverter consgstem.
By removing redundant circuits and using a folded-cascaodplifier
design, the RA is proved to be very cost effective. the meamsants
of the proposed design on silicon justifies the functiogakind
correctness.
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Fig. 2. Block diagram of the inverter controller of BLDC mato
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