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he Boeing 737. It  is known as 
the "Three-Seven." the "Seven- T Three," and the "Guppy.'' The 

737 is the best-selling airplane in com- 
mercial aviation history. with: 

More than 2,600 airplanes in service. 
More than 53 million flights. 
More than 500 takeoffs and landings 
worldwide, every hour of every day. 

The 737 has provided nearly 30 years of 
safe, reliable transportation service with 
a tremendous track record. Recently, 
Boeing has received a number of ques- 
tions about the 737 directional control 
system. So after all these years, it is time 
to revisit some of the basics. 

A Possible Scenario? 

The 737 is in cruise at .74 Mach and 
FL350. I! is !he third leg ofthe third day 
of a three-day trip. Both pilots are con- 

tent. The trip is going well. The I m r  land- 
ing on this beautiful day will be a visual 
approach. much nicer than all theirpre- 
vious insrrumenf approaches. It is the 
Firsr Officer k leg, and the Captuin is 
back a bit from the controls, making sure 
the niainreiiance log is complete. The uu- 
ropilot is engaged in VNAV and LNAV 
and the aurorhrottle is engaged The First 
Ofticer turns to tune the nav radio. 

Then something happens. 

The First Oficer immediately notices the 
airplane start to roll lef .  The Cnprain, 
his head down filling OUI the log, feels 
the airplane start to roll le$ - and Sees 
the control wheel sturt to go right. The 
First Officer quickly grabs rhe wheel, be- 
lieving he has to stop rhe roll. The Cap- 
tain, with his seat back and books in his 
lap, is also quick!? on rhe wheel, but can't 
reach the rudder pedals. Both crew memi 
bers apply right wheel and the First Of- 

- '- 

ficer uses what he thinks is i/4 right rrid- 
del: Bur the airplane corirrol forces feel 
dixerent. However; the airplane responds 
correctly: right wlzeelposiriort resulrs in 
a right roll. The airplane rolls back 
quickly to wings level. Then. rliey disen- 
gage the auropilor. 

Seeing that the Firsr Oficer iius rhe plane 
under control, the Capiairi rrlrases the 
wheel and starts a semi to see what is 
going on, The pilots rapid!? evaluate the 
situation in an effort to understand whar 
caused the roll: 

Engine failure? No. Both seem fine. 

Autopilot roll channel hardover? 
Maybe, except the plnrie roiled left, 
and the wheel went righr. 

Something came off the airplane? 
Maybe, but there is no unusual buf- 
feting or vibration. 

- 

Wake turbulence? MaJbe, but from 
what airplane? 
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The First Oflicer rzmte.s tlitrt it ttrkes ri,y/rt 
wheel t o  mtrintuin {he desired i i ~ ~ d i n ~ ,  
About (I  minute inter: he ob.serves tlrcit l e s s  
arid less right wheel is reqiiiretl to niiriii- 
ttiin wingr level. The pilots decide t o  
leave the airtopilot off m i d  tiirii tire Fciw 
damper off os a precarrrion. Wlieir tire 
yaw damper is disengaged, wheel is no 
longer required to maintain wings level. 
After an irnevenrfirl lundirig, thev ririre a 
detailed report. The maintenance chief 
reads it and has his crew troubleshoot the 
yaw damper sjsrem. 

Siibseyirent restingfinds the yaw dmnper 
solenoid valve to have ma(fiincrioned. 

The above scenario is actually a combi- 
nation of several in-service yaw damper 
events that have been reporred by flight 
crews. In most cases, the incidents were 
reported to be more dramatic than the 
actual flight data recorder numbers 
showed. Crews' written reports have 
estimated bank angles in excess of 30 
degrees. when flight data recorder data 
has shown bank angles of 9 to I I degrees. 

737 yaw damper malfunctions are infre- 
quent - and the airplane is cerrified to 
handle them. Full yaw damper deflec- 
tions have been successfully demon- 
strated during 737 certification. In all 
yaw damper failure modes, the airplane 
is easily controllable by the pilot. 

How can the yaw damper system mal- 
function'? Hou should the crew respond? 
Why does the crew's perception of an 
event differ dramatically from recorded 
tlight data'? 

The answers exist in four parts: 

Aerodynamics. 

Yaw Damper Malfunctions. 
* Human Factors. 

. Flight Control System Design. 

Figure I .  The six components of an 
airplane's motion are comprised of travel 
along -and rotation about - the longitu- 
dinal, lateral. and vertical axes. 

This article discusses each of these i\sues. 
and how they can affect 737 directional 
control. It  also provides guidance to pi- 
lots on recognizing possible yaw damper 
failure modes and their effects. and re- 
views proper pilot procedures. 

Aerodynamics 

As you may remember from basic aero- 
dynamics (Figure I ) ,  the airplane's yaw 
axis and roll axis are strongly coupled to 
each other. What a pilot does in one axis 
will invariably affect the other. 

Directional Stability. The primary con- 
trol the 737 uses to maintain positive di- 
rectional stability is the vertical stabilizer. 
Positive directional stability means it re- 
quires more and more rudder deflection 
to get higher and higher angles of side- 
slip. The pilot and selected airplane sys- 
tems use the rudder to control side forces 
on the vertical stabilizer. 

Lateral Stability. Unlike directional sta- 
bility, there is no surface that. by itself. 
provides lateral stability. The closest 
thing to lateral stability is called spiral 

stability. The prime contributor to the 
737's spiral stability characteristics is the 
wing's dihedral angle and its dihedral 
effect (roll-due-to-yaw angle). Equal lift 
on both wings will result in zero tendency 
to roll. Spiral stability is an airplane's 
tendency to roll back toward wings level 
(positive) or away from wings level 
(negative) when established in a shallow 
bank angle. In the 737. the spiral stabil- 
ity is essentially neutral: the airplane will 
generally stay where it is when at shal- 
low bank angles. 

Lateral-Directional Interaction. The 
lateral and directional axes constantly in- 
teract. Even a pure rolling moment will 
change the angle of attackon the vertical 
stabilizer. creating lift and force on the 
surface that is displaced above the 
airplane's center of gravity. One of the 
primary modes of interaction is defined 
as dynamic lateral directional stability. 
This i5 more commonly referred to as 
Dutch roll. 

Dutch roll begin5 when the airplane ex- 
periences a yauinx moment - either 
naturally (such as a wind gust), or inten- 
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tionally by a rudder input. Yawing mo- 
ments can also be a result of wheel in- 
puts, which can generate adverse yaw. 
Because the 737 has positive directional 
stability. the nose tends to realign into the 
wind when the temporary yawing mo- 
ment is removed. The nose does not re- 
turn to zero sideslip. but tends to over- 
shoot, setting up the cyclic rolling/yaw- 
ing motion of Dutch roll (the name comes 
from the swayinghobbing motion of 
Dutch ice skaters). 

As noted in FAR part 2j.181(b): “Any 
combined lateral-directional oscillations 
(Dutch roll) occurring between 1.2 Vstall 
and maximum allourable speed appropri- 
ate to the configuration of the airplane 
must be positively damped with controls 
free.” The 737 Dutch roll mode is posi- 
tively damped (the motions get smaller 
each cycle) throughout the flight enve- 
lope, without an active Dutch roll damp- 
ing system. It is only when an airplane 
does not have positively damped Dutch 
roll motions that an active yaw damper 
system is required for flight. Although 
not required for dispatch. a yaw damper 
system is installed on the 737 to improve 
ride quality by more quickly damping 
Dutch roll. 

A historical note: The original 737-100 
had a dual yaw damper system. From 
707 and 727 experience, engineers origi- 
nally believed that an operating yaw 
damper for the 737 would be required for 
dispatch. When flight test showed the 
natural Dutch roll mode to be positively 
damped in all flight conditions, it was 
determined to be unnecessary for dis- 
patch. There was no reason to have two 
when none was required. 

Flight Control System Design 

The 737 uses a hydraulically powered 
conventional flight control system (Fig- 
ure 2). 

Figure 2. The conventional 737 flight con- 
trol system allows pilots to fly feet-on-the- 
Iloor turns. This ligure shows a 737-300. 

Lateral Control System. For roll con- 
trol. the 737 utilizes a combination of ai- 
lerons and spoilers. Ailerons cause an 
increase in lift and drag. Spoilers cause 
a loss of lift and increase in drag. To- 
gether. the): provide for greatly reduced 
yawing moments in  rolling maneuvers. 
This balance of forces is what allows 
“feet-on-the-floor” turns. 

Directional Control System. For direc- 
tional control. the 737 uses a trimmable 
rudder on the vertical stabilizer (Figure 
3). The rudder surface has a maximum 
deflection of 26 degrees, and it can be 
trimmed to 16 degrees of deflection. The 
yaw damper system can deflect the rud- 
der two. three. or four degrees from its 
commanded position, depending on the 
model. All 737-300s -400s. and -500s 
are limited to rhree degrees of travel. The 
yaw damper inputs are not Fed back into 
the pedals. The only indication to the 
pilot is deflection of the yaw damper in- 
dicator needle. The system operates con- 
tinuously. with response characteristics 
(gains) changed according to bank angle, 
localizer capture. and radio altitude. 

The 737 rudder control system (Figure 
4) is designed for a v+orst-case rudder 
requirement that includes: 

Low gross weight (slower speeds). 

Aft center of gravity (smaller mo- 
ment arm). 

Engine failure at full thrust on rota- 
tion (maximum possible yawing mo- 
ment). 

This worst-case scenario can be con- 
trolled by the rudder/\~ertical stabilizer 
combination. The shorter 737s (-300 and 
-500) do not use higher-thrust engines 
because there would not be enough rud- 
der control to handle the worst-case sce- 
nario. 

The 737 rudder is normally controlled by 
the main rudder poner  control unit 
(PCU). It delivers power from the ‘ A  
and ‘B’ hydraulic systems. A standby 
rudder PCU and standb? hydraulic sys- 
tem will provide rudder control follow- 
in: a dual hydraulic system failure. In 

Rudder 
Elevator 1 f:/ ,,-Elevator tab 

Outboard flap, 

Slats 

LLeading-edge flaps 
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Maximum rudder 
deflection f26$ 

Figure 3. The maximum 737 rudder deflection that the yaw 
damper can command is only a small portion of the total 
rudder travel. Yaw damper limits for the 737-100 and -100 
can he 2,3, or 1 degrees, depending upon the installation. 

the event of a single hydraulic system 
failure. the standby hydraulic system will 
come on automatically when the flaps are 
not in the up position. 

The rudder PCU receives inputs from the 
rudder pedals. rudder trim actuator. and 
yaw damper. The yaw damper system's 
primary input is from a yaw rate gyro. 
which is located in the yaw damper cou- 
pler. The yaw damper coupler is located 
in the 737's electronic equipment bay. 
The rudder control system does not re- 
ceive any commands from the autopilot. 
Therefore. engaging or disengaging the 
autopilot wili have no effect on rudder or 
yaw damper operation. 

Figure 1. The 737 rudder control sFstem is 
designed to handle the worst-case scenario: 
engine failure during takeoff rotation. 

The 737 directional con- 
trol sybtetn i \  designed to 
be jam-tolerant to meet 
ce r t i f i  c a t i on re q u i re - 
ments for continued safe 
flight and landing. The 
737 lateral control sys- 
tem (ailerons and spoil- 
ers) provides adequate 
roll control to overcome 
a rudder jammed in any 
position that would nor- 
mally be used by the  
flight crew. 

There is no rudder lim- 
iter or rudder pressure 
reducer on the 737. In- 
stead, the 737 design 
takes advantage of an 
aerodynamic effect 
called "blowdown" to 
l imit  rudder travel. 
Blowdown is the point 
where the hydraulic 
power of the rudder con- 
trol system has ju s t  
enough force to over- 
come the aerodynamic 
force of the air pushing 

back on the rudder. As airspeed incrcasei. 
the amount of available ruddcr dccreaseh. 
For example, at taxi and takeoff speedh. 
ful l  rudder (26 degrees) is available. But 
at I90 knots. the rudder will only travel 
about 14 degrees. even with a full rudder 
pedal input. At high speeds. blowdown 
limits the structural loads and limits the 
amount of yaw - and resulting roll cre- 
ated. 

Yaw Damper SIaIfunctions 

Statistically. the 737 yaw damper system 
malfunctions. on average, only once ev- 
ery 29,000 flight hours. The yaw damper 
system has three possible failure modes: 

A zero y a s  damper command. 
An oscillatory or erratic yaw damper 
command. 
A full yaw damper command. 

It is this third mode - a full yaw damper 
command - that cause5 the most con- 
cern for flight crebvs. The full yau 
damper command may be sustained. or 
may slowly diqappear with time. depend- 
ing on the Fpecific cause. This event can 
be easily controlled by the flight crew. 

Standby rudder 
power control unit - 

Rudder ait 
control quadrant A power conrol unit 

Rudder 
control cables 

mechanism 

d/* Rudder trim 
I ,4 ' actuator 

Rudder trim ,a 
control switch . /  

. A  

Yaw damper 
coupler 
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Figure 5. This actual 737 flight data recorder data shon s how the airplane responds to a 
full authorit! yaw damper command. The airplane was in cruise with the autopilot on. 

As you may remember from our basic 
aerodynamics discussion. rudder surface 
movement creates a yawing moment. In 
the flight deck, the yawing moment cre- 
ated by a full yaw damper command 
(which is less than one created by an en- 
gine failure) is more often felt than seen. 
The roll resulting from the yaw will typi- 
cally be felt m d  seen by the flight crew. 

Remember. the autopilot system has no 
input to the rudder control system. When 
engaged, the autopilot responds with lat- 
eral control inputs to the roll and head- 
ing changes generated by the yawing mo- 
tion. The autopilot reacts differently de- 
pending upon the autopilot roll mode se- 
lected, and flap configuration. The au- 
topilot can respond to a change in head- 
ing and/or roll with up to full autopilot 
lateral control authority. If the flaps are 
up. the control wheel limit is three units 
of rotation ( I S  degrees). If the flaps are 

28 

not up. the limit i s  four units (24 degrees). 
Under certain flight conditions, this may 
be just enough roll authority to roll to 
wings level. but will most likely only 
slow the roll to an average rate of one to 
two degrees per second (Figure 5 ) .  

Human Factors 

Frequently after an unexpected roll event, 
pilots repon bank angle excursions two 
or three times as large as the actual re- 
corded values on the flight data recorder. 
The accuracy of these pilot reports also 
appears to be a function of altitude; the 
lower the altitude, the more accurate the 
report. This is primarily because exter- 
nal visual cues are more prominent at 
lower altitudes. 

Essentially. there art: three major reasons 
why an expericnced crew might perceive 
a bank angle to be higher than actual: 

Startle Factor. 
* Acceleration. 

Flight Control Feedback due to Con- 
trol Wheel Steering. 

Startle Factor. For thousands of hours, 
flight crews sit in airplanes that are fly- 
ing straight and level. The bank angle 
for course corrections seldom exceeds 25 
degrees, and often is only 15 degrees or 
less, Every bank angle change is nor- 
mally commanded by the pilot or easily 
explained by outside disturbances such 
as turbulence. Reports on crew fatigue, 
crew awareness. and crew interaction 
show that after thousands of hours of un- 
eventful flying. crews become relaxed. 
That's why an unexpected event of a 
given magnitude in flight will cause a 
bigger pilot reaction than an event of 
larger magnitude in a simulator. This is 
due to lower pilot awareness and expec- 
tations of non-normal events during a 
routine two-hour flight than a pilot would 
experience in  a two-hour simulator ses- 
sion, where something is expected to "go 
wrong. 

Pilot reactions to an event vary depend- 
ing upon the phase of flight. Reactions 
at FL3.50 are different than reactions at 
35 feet. This reaction time differential is 
well-known and incorporated in the de- 
sign and certification of transport cat- 
egory airplanes. During certification tests 
in cruise flight, recovery controls are not 
to be applied until four seconds after a 
malfunction has been inserted. When you 
would expect quicker pilot reactions to 
disturbances, such as in the approach and 
landing phase of flight. reaction times for 
certification purposes are reduced to one 
second. 

Acceleration. When discussing the 
airplane's roll axis. three terms are com- 
monly used: 

Bank angle (measured in degrees) 

Roll rate (the rate of change of bank 
angle. measured in degrees per sec- 
ond). 

- 
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Roll acceleration (the rate of change 
of roll rate. measured in degrees per 
second?). 

When pilots of large commercial trans- 
port airplanes manually maneuver the 
airplane to acquire and maintain a desired 
heading, they generally initiate a turn 
using a rather slow acceleration (two to 
three degrees per secondz) until they 
achieve a gentle roll rate (four to five 
degrees per second), so that it takes five 
to six seconds to roll to between 25 and 
30 degrees of bank. The latest 737-300, 
-400, and -500 autopilot uses a variable 
roll rate during Heading Select as a func- 
tion of the bank angle commanded, vary- 
ing from 1.3 degrees per second to 4 de- 
grees per second. Earlier 737 autopilots 
have fixed roll rate limits. 

Although it can vary with the flight phase. 
pilots generally react very quickly to the 
roll acceleration. This is quite evident 
when landing in a gusting wind. Some- 
times, almost full control authority will 
be used to stop a roll acceleration long 
before a significant rate can develop. and 
long before a large bank angle is reached. 
Here again, the startle factor comes in. 
Pilots train for events such as an engine 
failure at VR or V2; they react in millisec- 
onds with proper controls, and the bank 
angle varies only a few degrees. Pilots 
also stop rolling motions during landings 
very quickly. They know that rapid ac- 
celerations can be present, and they real- 
ize that large roll rates and bank angles 
will result if they fail to react quickly. 
During cruise, pilots are accustomed to 
relatively small roll rates and roll accel- 

erations. When an upset occurs in cruise. 
the roll acceleration may be perceived as 
being excessive. even though the accel- 
eration is less than that experienced with 
an engine failure at VR. or in a gusty 
crosswind. There is evidence that roll ac- 
celerations of I O  to 15 degrees per sec- 
ondz, even if they are sustained for less 
than a second. cause concern for pilots. 

Flight Control Feedback due to Con- 
trol Wheel Steering (CWS). The inter- 
action of the flight control feel, autopilot 
system, and human reaction may result 
in incorrect interpretation and response 
to CWS. When the autopilot is engaged 
i n  Heading Select or LNAV and a 
breakout force of 10 pounds is applied to 
the yoke, the control wheel moves and 
the autopilot reverts into CWS. 
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In  CWS. the autopilot response is based 
on the airplane's bJnk angle when the 
force on the control wheel is released. If 
the bank angle is: 

Five degrees or le5$. the autopilot will 
maintain the current heading. 

Between 5 and 50 degrees. the auto- 
pilot will maintain the existing bank 
angle. 

More than 30 degrees. the autopilot 
will roll back to and maintain 30 de- 
grees of bank. 

The autopilot uses auilable roll control 
to capture the desired bank angle. This 
wheel response ma! be unexpected by a 
pilot unfamiliar n ith CWS operation. 

Normally in CWS. pilots use wheel in- 
put rates of 5 to 10 degrees per second. 
If the wheel is turned at a high rate (40 
degrees per second. or more). then the 
force required to turn the \r.heel approxi- 
mately triples. This happens because the 
autopilot actuators can not respond fast 
enough and are being forced by the pilot's 
input. So. for a very quick wheel mo- 
tion. the lateral control forces can notice- 
ably increase. but the corresponding roll 
rate doesn't. 

In summary. three factors can result in 
pilot confusion about feedback due to 
control wheel steering: 

The breakout force. 

Autopilot capturing and maintaining 
the commanded CWS bank angle, as 
per design. 

The force to move the wheel i n -  
creases as the wheel movement rate 
increases. 

Pilot Actions 

Pilot response to yaw damper malfunc- 
tions depend\ on the type of yaw damper 
event. Remember, the yaw damper FYS- 

ten1 can only command a maximuin of 

30 

three deyees of rudder deflection for the 
737-300. -400. and -500 (two. three. or 
four degrees for the 737- IO0 and -200, 
as installed). In all cases. this is easily 
controlled by the flieht crew. Appropri- 
ate non-normal procedures are outlined 
in the Operations Manual and Quick Ref- 
erence Handbook. 

Response to Yaw Damper Malfunc- 
tions. First. the system may malfunction 
without any commands being made to de- 
flect the rudder. Because there is no re- 
sulting movement in any airplane axis. 
there are no special techniques for this 
condition. If the yaw damper light on 
the overhead panel illuminates, perform 
the "Yaw Damper" procedure and turn 
the yaw damper off. 

If the yaw damper malfunctions and gives 
commands that appear to the pilot as an 
oscillation or erratic motion about the 
yaa. axis. then turn the yaw damper off 
in accordance with the "Uncommanded 
Yaw or Roll" procedure. The yaw 
damper light will not illuminate until the 
switch is tumed off. Cross checking the 
yaw damper indicator is the best way to 
identify a yaw damper malfunction. 

If the yaw damper malfunctions and com- 
mands a full yaw damper input. the air- 
plane may respond with an initial yawing 
motion that the pilots may not notice. 
However, the yawing motion will be fol- 
lowed by a readily apparent rolling mo- 
tion in the same direction as the rudder 
deflection. The roll rate and roll accel- 
eration are quicker than a normal autopi- 
lot input. If engaged, the autopilot will 
respond with opposite wheel to counter 
the roll. At .74 Mach and at normal cruise 
altitudes, the autopilot may not be able 
to roll the airplane back to wings level, 
but will reduce the roll rate to an average 
of one to two degrees per second, allow- 
ing the pilot ample time to recover. 

In this case, the pilot should perform the 
"Uncommanded Yaw or Roll" procedure: 

Grasp and hold the control wheel 
firmly. 

Disengage the autopilot. 

. Make appropriate control wheel cor- 
rections to retum to \vines level. 

If yaw andlor roll forces continue: 

- Turn the yaw damper off 

Other Possible Causes of Appareht 
Uncommanded Yaw or Roll. Yaw 
damper system malfunctions are not the 
only possible causes of an apparent 
uncommanded yaw or roll. There are 
other events, normal and non-normal. that 
could manifest themselves as a yaw or 
roll (see page 29 sidebar. "Apparent 
Uncommanded Yaw or Roll Not Caused 
by Yaw, Damper Malfunction"). 

Summar!- 

Since its introduction in 1968. the 737 
has carried more than four billion pas- 
sengers and flown more than 20 billion 
miles in safety and comfort. Its aeiody- 
namic characteristics are trusted and 
well-understood, and rhr flieht control 
system has proven itself to be reliable and 
safe. 

This article has discussed the 737 flight 
control system -particularly the rudder, 
yaw damper, and autopilot systems - 
and associated yaw damper failure 
modes. It has also revieived the proper 
pilot actions i n  the event of 
uncommanded yaw or roll. Worst-case 
yaw damper system malfunctions are 
easily controllable. 

Boeing is currently working to improve 
airline flight and maintenance crews' 
awareness of the 737 directional control 
system. These efforts focus on both cur- 
rent production airplanes 1737-300. -400, 
and -SOO), as well as the 737-600, -700, 
and -800 series airplanes. which are 
scheduled to go into ser\.ice in 1997. 

It's all part of the Boeing commitment to 
building a quality product. and provid- 
ing world-class support for the life of the 

airplane. 4 
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