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ୈ5ষ ͱӡಈΤωϧΪʔࣄ࢓

5.1 ͸͡Ίʹ

෺ཧֶʹ͸ʮ෺ͷཧʢ͜ͱΘΓʣʯΛղ͖໌͔͢ͱ͍͏७ਮՊֶతͳଆ໘͚ͩͰͳ͘ɼ࣮ੜ׆Ͱ໾ཱ

ͭʮੈݱརӹʯతͳଆ໘΋͋Δɽ͔ͩΒͦ͜෺ཧֶతख๏͸ʢ͔޷Ε͍ͯΔ͔Ͳ͏͔͸ผͱͯ͠ʣཧ޻

Λग़͢ɽإͷ͋ΒΏΔ৔໘Ͱܥ

෺ཧΛʮ໾ཱͯΔʯͱ͍͏ҙຯͰ͸ɼԿͱͯͬݴ΋෺ମ͕࣋ͭΤωϧΪʔ΍ɼͦͷΤωϧΪʔͰͰ͖

Δࢉܭ͍ͯͭʹࣄ࢓Ͱ͖Δ͜ͱ͕ॏཁͰ͋Δɽ͜͜Ͱ͸ࣄ࢓ɼӡಈΤωϧΪʔɼҐஔΤωϧΪʔ͓Αͼ

ྗֶతΤωϧΪʔʹ͍ͭͯɼඍ෼ੵ෼Λߍߴͯͬ࢖෺ཧΑΓ΋Ұൠతʹఆٛ͠ɼཧղΛਂΊΔɽ

5.2 ࣄ࢓

෺ମʹྗΛՃ͑ɼͦͷํ޲ʹಈ͔͢͜ͱΛʮࣄ࢓Λ͢Δʯͱ͍͏ɽࣄ࢓Λ͢Δ͜ͱͰ෺ମʹ͸Τωϧ

Ϊʔ͕஝͑ΒΕΔɽ·ͨɼͦͷΤωϧΪʔΛͯͬ࢖෺ମ͸ࣄ࢓Λ͢Δɽͭ·ΓɼྗΛՃ͑ͳ͕ΒԿ͔Λ

ಈ͔͢͜ͱ͕Ͱ͖Δɽ

5.2.1 ௚ઢӡಈͷͱ͖

ྗͱਐΉ͕͖޲Ұக͍ͯ͠Δͱ͖

!

"#
x

s

F

ਤ 5.1: ྗͱӡಈͷ͕͖޲Ұக͍ͯ͠Δ৔߹ͷࣄ࢓

௚ઢతͳӡಈ͢Δ෺ମΛ͑ߟɼͦͷӡಈํ޲ʹԊͬͯ x ࣠ΛுΔɽਤ 5.1ͷΑ͏ʹ෺ମʹେ͖͞ F [N]

ͷྗΛՃ͑ɼྗͷํڑʹ޲཭ s [m] ͚ͩಈ͔࣌͢ɼ෺ମʹՃ͑ͨࣄ࢓͸

W = Fs [J] (5.2.1)

Ͱ͋Δͱ͍͏ɽ
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ྗͱਐΉ͕͖޲Ұக͍ͯ͠ͳ͍ͱ͖

෺ମʹՃ͑Δྗͷํ͕޲ɼ෺ମͷӡಈํ޲ͱҟͳΔ৔߹΋͋Δɽྫ͑͹ՙ෺ʹඥΛ͚ͭͯͦΕΛݞʹ

͔͚ɼՙ෺ΛҾ͖ͣΔ࣌͸ɼྗͷํ޲͸ඥʹԊ͏ࣼΊͷํ͕ͩ޲ɼ෺ମ͸஍໘ʹฏߦʹಈ͘ɽ

!"#$%&

'(#$%&

x

F
θ

r

ਤ 5.2: ྗͱӡಈͷ͕͖֯޲ θ Λͳ͢৔߹ͷࣄ࢓

͜ͷͱ͖ਤ 5.2ͷΑ͏ʹ෺ମʹՃ͑ͨྗΛ Fɼ෺ମͷมҐʢϕΫτϧʣΛ r ͱ͢Δͱɼಈ͔ͨ͠ํ޲

ʹՃ͑ΒΕͨྗʹΑΔࣄ࢓͸

W = F · r = |F ||r| cos θ (5.2.2)

ͷΑ͏ʹ಺ੵͰ༩͑ΒΕΔɽಈ͔ͨ͠ํ޲ʹՃ࣮࣭͑ͨతͳྗ͕ |F | cos θ ͔ͩΒͰ͋Δɽ͜͜Ͱ θ ͸ྗ

ͱมҐ͕ͳ֯͢Ͱ͋Δɽ|F | cos θ ͸ྗ F ͷ͏ͪมҐ r ʹԊ͏੒෼ʢࣹӨʣ͔ͩΒɼఆٛΛ

W = (|F | cos θ)× |r| (5.2.3)

ͱॻ͖͑׵Ε͹Θ͔ΔΑ͏ʹɼࣄ࢓ͱ͸

(ਐ·ͤΔͨΊʹ࣮࣭తʹ໾ཱ͍ͬͯΔྗ)× (ਐΜͩڑ཭)

ͷ͜ͱͰ͋Δɽਤ 5.2ͷྗͷΑ͏ʹਐ޲ํߦʹରͯࣼ͠ΊʹՃ͑ͨྗͰ͸ɼྗશମ͕ਫฏҠಈʹ࢖ΘΕ

͍ͯΔͷͰ͸ͳ͘ɼਫฏํ޲੒෼Ͱ͋Δ |F | cos θ ͷΈ͕ɼͦͷӡಈʹ໾ཱ͍ͬͯΔɽ

ҰํɼԖ௚੒෼Ͱ͋Δ |F | sin θ ͸ɼՙ෺Λচ͔Βগ͠ු͔ͤΔͨΊʹ͸໾ཱ͍ͬͯΔ͕ɼਫฏҠಈ

ʹ͸͍ؔͯ͠܎ͳ͍ɽ෺ମͷӡಈঢ়ଶΛมԽͤ͞Δ͜ͱʹ໾ཱ͍ͬͯͳ͍Θ͚Ͱɼͦͷ͜ͱ͕ࣄ࢓ͷఆ

ٛ W = F · r = |F ||r| cos θ ʹ͏·͘औΓೖΕΒΕ͍ͯΔɽਐ޲ํߦͱ௚ަ͢Δྗ͸ɼࣄ࢓ͷఆٛࣜͰ

θ =
π

2
ʹ͋ͨΓɼcos

π

2
= 0 ΑΓ W = 0ɼͭ·ΓԿͷࣄ࢓΋͠ͳ͍͜ͱʹͳΔͷͰ͋Δɽ

θ ͕
π

2
Λ௒͑ͯ͘Δͱɼcos θ ͸ෛʹͳΔɽͭ·Γɼਐ޲ํߦͱ͸൓ରଆʹಇ͘ྗʹΑΔࣄ࢓͸ෛͱ

͍͏͜ͱ͕ͩɼਐ޲ํߦͱ͸൓ରଆʹಇ͘ྗ͸ɼ෺ମʹϒϨʔΩΛ͔͚ͯ஗ͤ͘͞ɼ෺ମ͕࣋ͭΤωϧ

ΪʔΛݮগͤ͞Δಇ͖Λ͢Δ͔Βɼ͜Ε͸ࣗવͳఆٛͰ͋Δɽ

·ͨɼ෺ମʹͲΕ͚ͩྗΛՃ͑ͯ΋ɼ෺ମ͕গ͠΋ಈ͔ͳ͚Ε͹෺ମʹՃ͑ͨࣄ࢓͸θϩͱ͑ߟΔɽ

Ε͹มҐ͑ߟɼఆٛʹ໭ͬͯࡍ࣮ |r| = 0 ͔ͩΒ W = 0 Ͱ͋Δ͜ͱ͸Θ͔Δɽྫ͑͹ɼେ͖ͯ͘ॏͨ

੾Γԡͯ͠΋ɼશવಈ͔ͳ͍͜ͱ͕͋ΔͩΖ͏ɽ͜ͷͱ͖ɼԡͨ͠ΒർΕΔʹ΋ؔΘΒͣ༩͍ࢥΛؠ͍

Δͷ͔ͱ͍ͯݟͱ͸ԿΛࣄ࢓΋͢Δ͕ɼͦ΋ͦ΋ؾͳٞࢥ͸θϩͩͱ͍͏͜ͱͩɽͳΜ͔ͩෆࣄ࢓ͨ͑

͍͏ͱɼ
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෺ମʹྗΛՃ͑ͯঢ়ଶΛมԽͤͨ͜͞ͱͰɼͦͷ෺ମ͕पғͷڥ؀ʹӨڹΛٴ΅ͤΔΑ͏ʹ

ͳ͔ͬͨͲ͏͔

͔ͩΒͰ͋Δɽ

ӨʹڥपΓͷ؀͕ؠಈ͔ͳ͍ͷͰ͋Ε͹ͦͷ͕ؠہΛԡͯ͠΋ɼ݁ؠுͬͯؤͷྫͰ͸ɼͲΕ͚ͩؠ

Εͯɼ͋Δͱ͖উखʹಈ͖ͩ͢ʯͱ͍·ࠐΊཷ͕ྗʹؠ੾Γԡͨ͠Βͦͷ͍ࢥͱ͸ͳ͍ɽʮ͜͢΅ٴΛڹ

͏͜ͱ͸ͳ͍Θ͚ͩɽٯʹ͍ܰੴͰ͋Ε͹ɼ؆୯ʹಈ͔͢͜ͱ͕Ͱ͖Δɽྫ͑͹ͦΕΛ౤͛ͯԿ͔Λյ

͢͜ͱ͕Ͱ͖Δ͔΋͠Εͳ͍ɽ౤͛ΔࡍʹखͰੴʹྗΛՃ͑ͳ͕Βಈ͔͠ɼ଎౓Λ༩͑Δͱ͍͏ࣄ࢓Λ

͢Δ͜ͱͰɼͦͷੴ͸Կ͔Λյ͢ͱ͍͏ʮӨڹʯΛ֎෦ʹٴ΅͢͜ͱ͕Ͱ͖ΔΑ͏ʹͳΔͷͩɽ

͜ͷΑ͏ʹɼྗֶͰѻΘΕ͍ͯΔʮࣄ࢓ʯ͸೔ৗੜ׆Ͱ࢖ΘΕΔࣄ࢓ͱ͸ผ෺Ͱ͋Δɽ͋͘·Ͱʮ֎

෦ʹӨڹΛٴ΅ͤΔΑ͏ͳΤωϧΪʔΛ஝͔͑ͨͲ͏͔ʯͷΈΛྗֶͰ͸͍ͯݟΔͷͰ஫ҙͯ͠΄͍͠ɽ

5.2.2 ཰ࣄ࢓ͱࣄ࢓

෺ମͷมҐϕΫτϧΛ࣌ؒͰඍ෼ͨ͠΋ͷ͕଎౓ϕΫτϧͳͷͰɼྗ F ͕࣌ؒʹґଘ͠ͳ͚Ε͹

dW

dt
= F · dr

dt
= F · v (5.2.4)

ͱͳΔɽ͜ͷ
dW

dt
Λࣄ࢓཰ͱ͍͏ɽࣄ࢓཰͸୯Ґ࣌ؒ౰ͨΓͷࣄ࢓ͳͷͰ୯Ґ͸ [J/s] Ͱ͋Δ͕ɼ͜Ε

Λ [W]ʢϫοτʣͱද͢ɽ͜Ε͔ΒΘ͔ΔΑ͏ʹɼిྗ [W]ʢϫοτʣ͕ࣄ࢓཰ͱಉ࣍͡ݩɼిྗྔ͕

Λ࣋ͭɽిྗྔͷ୯Ґͱͯ͠͸ݩͱಉ࣍͡ࣄ࢓ [Wh]ʢϫοτ࣌ʣ͕Α͘࢖ΘΕΔ͕ɼ͜Ε͸ిྗʹ 1࣌

ؒΛ͔͚ͨ΋ͷͰ͋Δɽ1࣌ؒ͸ 60ඵ × 60෼ = 3600ඵͳͷͰɼ

1Wh = 1 J/s× 3600 s = 3600 J = 3.6× 103 J (5.2.5)

Ͱ͋Δɽ·ͨɼ

1kWh (Ωϩϫοτ࣌) = 1000Wh = 3.6× 106 J (5.2.6)

΋Α͘࢖ΘΕΔɽ

5.2.3 Ͱ͸ѻΘͳ͍ʣٛߨͱઢੵ෼ʢࣄ࢓ઢʹԊ͏ۂɿߟࢀ

Ұൠʹ͸ɼ෺ମͷӡಈ͸௚ઢʹͳΔͱ͸ݶΒͳ͍ɽۂઢʹԊ͏৔߹ͷࣄ࢓ͷࢉܭʹ͸ઢੵ෼Λ༻͍Δɽ

ɼਤࠓ 5.3 ͷΑ͏ʹ෺ମͷӡಈͷي੻Λද͢ۂઢ͕ t Λഔհม਺ͱͯ͠ r = r(t) Ͱද͞Ε͍ͯΔͱ

͖ɼ෺ମͷແݶখมҐϕΫτϧ͸

dr = (dx, dyɼdz) = dxex + dyey + dzez (5.2.7)
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!"#$%&F

'()*+#$%&
,-

dr r = r(t)

ਤ 5.3: ͱઢੵ෼ࣄ࢓ઢʹԊ͏ۂ

Ͱ༩͑ΒΕΔɽҐஔϕΫτϧ͕ r(t) Ͱද͞ΕΔ఺Ͱ෺ମʹՃ͑ͨྗΛ F ͱ͢Δͱɼ͘͘͝͝খ͍͞Ҡ

ಈͷؒ͸͜ͷྗ͸ҰఆͰ͋Δͱͯ͠Α͍ͩΖ͏͔Βɼແݶখͷࣄ࢓͸

dW = F · dr (5.2.8)

ͱͳΔͩΖ͏ɽۂઢʹԊͬͯ఺ P ͔Β఺ Q ·ͰҠಈͨ͠ͱ͖ʹ͸ɼ͜ͷແݶখͷࣄ࢓Λશͯ଍͠ूΊ

Ε͹શࣄ࢓ʹͳΔɽ۩ମతʹ͸

W =

∫ Q

P
dW =

∫ Q

P
F · dr

=

∫ Q

P
(Fxdx+ Fydy + Fzdz) =

∫ (
Fx

dx

dt
+ Fy

dy

dt
+ Fz

dz

dt

)
dt (5.2.9)

ͱͳΔɽ͜͜Ͱۂͨͬ࢖ઢʹԊ͏ੵ෼Λʮઢੵ෼ʯͱ͍͏ɽߍߴͰֶश͢Δੵ෼͸ 1ม਺ؔ਺ f(x) ʹ

ର͢Δ΋ͷͳͷͰੵ෼ܦ࿏͸ x ࣠ʹԊ͏΋ͷ͔͠ͳ͍ʢ্ͷࣜͰɼdx ʹؔ͢Δੵ෼͔͠ͳ͍ʣɽ͔͠͠

෺ཧྔ͸Ґஔ࠲ඪ (x, y, z) ͷΑ͏ͳɼ͍͔ͭ͘ͷม਺ʹґଘ͢Δͷ͕ҰൠతͰ͋Δɽ͜ͷͨΊੵ෼ܦ࿏

͸௚ઢʹͳΔͱ͸ݶΒͣɼۭؒதͷۂઢʹԊ͏ੵ෼Λ͢ࢉܭΔඞཁ͕͋Δɽઢੵ෼͸ͦΕʹ͋ͨΓɼྗ

ֶͰ͏࢖৔໘͸͋·Γଟ͘ͳ͍͕ɼిֶ࣓ؾͰ͸සग़ͷࢉܭͰ͋Δɽ

5.3 ͱӡಈΤωϧΪʔࣄ࢓

5.3.1 ΑΔӡಈΤωϧΪʔͷมԽʹࣄ࢓

ӡಈํఔࣜ ma = F Λ༻͍Δͱɼࣄ࢓ͱӡಈΤωϧΪʔͷؔ܎Λಋ͘͜ͱ͕Ͱ͖ΔɽӡಈํఔࣜͰ

Ճ଎౓ a Λ
dv

dt
ͱॻ͘ͱ

m
dv

dt
= F (5.3.1)

ͱͳΔ͕ɼ͜ͷ྆ลͱ଎౓ v ͷ಺ੵΛऔΔͱ

m
dv

dt
· v = F · v (5.3.2)
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ΛಘΔɽ͜ͷࠨลΛࣜม͢ܗΔͱ

m
dv

dt
· v = mv · dv

dt
=

1

2
m · 2

(
v · dv

dt

)
=

1

2
m ·

(
v · dv

dt
+

dv

dt
· v
)

(5.3.3)

=
1

2
m

d

dt
(v · v) = 1

2
m

d

dt
(v2) (5.3.4)

=
d

dt

(
1

2
mv2

)
(5.3.5)

ͱͳΔɽ͜ͷ࣌ؒඍ෼͞Ε͍ͯΔྔ
1

2
mv2 (5.3.6)

ΛӡಈΤωϧΪʔͱ͍͏ɽӳޠͰ͸ kinetic energy ͳͷͰ K =
1

2
mv2 ͷΑ͏ʹK Λ༻͍ͯද͢͜ͱ͕

ଟ͍ɽ

Ұํɼࣜ (5.3.2)ͷӈล͸ࣄ࢓཰ʹଞͳΒͳ͍ͷͰ

F · v =
dW

dt
(5.3.7)

ͱॻ͚ΔɽΑͬͯࣜ (5.3.2) ͸
d

dt

(
1

2
mv2

)
=

dW

dt
(5.3.8)

Ͱ͋Δ͔Βɼ྆ลΛੵ෼͢Δͱੵ෼ఆ਺Λ C ͱͯ͠

1

2
mv2 = W + C (5.3.9)

ΛಘΔɽ

͜͜Ͱɼ࠷ॳʹ෺ମͷ଎౓͕ v0 ͩͬͨͱ͢Δͱɼࣄ࢓ΛՃ͑Δલɼͭ·Γ͕ࣄ࢓ W = 0 ͷͱ͖ʹӡ

ಈΤωϧΪʔ͸
1

2
mv2 ͩͬͨ͸ͣͳͷͰɼ

1

2
mv20 = 0 + C ⇒ C =

1

2
mv20 (5.3.10)

ͱͳΔɽΑͬͯ

1

2
mv2 = W +

1

2
mv20 (5.3.11)

⇔ W =
1

2
mv2 − 1

2
mv20 (5.3.12)

ΛಘΔɽ͜ͷࣜͷӈล͸ɼ࠷ॳʹ͍࣋ͬͯͨӡಈΤωϧΪʔ 1
2mv20 Λࣄ࢓ΛՃ͑ΒΕͨޙͷӡಈΤωϧ

Ϊʔ 1
2mv2 ͔ΒҾ͍ͨ΋ͷ͔ͩΒɼӡಈΤωϧΪʔͷมԽͰ͋ΔɽΑͬͯɼ

෺ମʹՃ͑ͨࣄ࢓ͷ෼͚ͩɼ෺ମͷӡಈΤωϧΪʔ͸มԽ͢Δ

ͱ͍͏͕ؔ܎੒Γཱͭ͜ͱ͕Θ͔Δɽ࠷ॳʹ෺ମ͕੩͍ͨͯ͠ࢭ৔߹͸ v0 = 0 ͳͷͰɼಛʹ

W =
1

2
mv2 (v0 = 0ͷ৔߹) (5.3.13)

ͱ͍͏͜ͱʹͳΔɽ
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Ճ଎͠ɼӡಈΤωϧΪʔ͕૿͑Δͷ͸༰қʹ૝૾͕ʹ޲Δ෺ମʹྗΛՃ͑ͯԡͤ͹ͦͷํ͍ͯͬ·ࢭ

ͭ͘ɽݮ଎ͤ͞Δํ͸গ͠૝૾͠ʹ͍͔͘΋͠Εͳ͍͕ɼಈ͍͍ͯΔ෺ମʹӡಈͱ͖޲ٯͷྗΛՃ͑ͯ

ϒϨʔΩΛ͔͚Ε͹ݮ଎͢Δɽࣜ (5.3.12)Ͱ v < v0 ͷέʔεͰ͋Δɽ͜ͷ৔߹ɼมҐͷํ޲ͱྗͷํ޲

͕൓ର͔ͩΒෛͷࣄ࢓Ͱ͋Δɽݮ଎͢Δ͔ΒӡಈΤωϧΪʔ΋ݮগ͠ɼ
1

2
mv2 − 1

2
mv20 < 0 ͷΑ͏ʹӡ

ಈΤωϧΪʔͷมԽ΋ෛʹͳΔɽ͜ͷෛͷมԽ͕ෛͷࣄ࢓W < 0ʹରԠ͍ͯ͠Δɽ
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ྫɿ౳Ճ଎౓ӡಈͰͷӡಈΤωϧΪʔͷมԽͱࣄ࢓

ɼਤ͑ߟͯͬݶʹӡಈݩ1࣍ 5.4ͷΑ͏ʹ෺ମͷӡಈํ޲ʹԊͬͯ x ࣠ΛுΔɽҰఆͷྗΛ

Ճ͑Δͱɼ෺ମ͸౳Ճ଎౓ӡಈΛ͢Δɽྗͷେ͖͞Λ F ͱ͠ɼ෺ମ͕࣌ؒ t ͷؒʹڑ཭ s

͚ͩҠಈ͠ɼ଎౓͸ v0 ͔Β v ʹՃ଎ͨ͠ͱ͢Δɽ

͜ͷͱ͖ɼ෺ମͷՃ଎౓͸

a =
଎౓ͷมԽ
͔͔ͬͨ࣌ؒ

=
v − v0

t
(5.3.14)

Ͱ͋Γɼ෺ମʹՃ͑ΒΕͨࣄ࢓͸

W = Fs (5.3.15)

Ͱ͋Δɽ·ͨҠಈڑ཭ s ͸౳Ճ଎౓ӡಈͷ୯ݩͰٻΊͨҐஔ xɼ଎౓ v Λ༻͍ͯ

2as = v2(t)− v20 (5.3.16)

Ͱ͋Δɽ͜Ε͸౳Ճ଎౓ӡಈʹ͓͚Δ࣌ࠁ t ͷ෺ମͷҐஔΛද͢

x(t) = x0 + v0t+
1

2
at2 (5.3.17)

ͱ଎౓ͷࣜ

v(t) = v0 + at (5.3.18)

Λ࿈ཱͤͯ͞ tΛফ͠ڈɼs = x(t)−x0 Λ͑࢖͹ಘΒΕΔࣜͰ͋Δʢ࣌ࠁ tͰͷҐஔ x(t)͔

Β࠷ॳͷҐஔ x0 ΛҾ͍ͨ x(t)−x0 ͕Ҡಈڑ཭ s Ͱ͋Δ͜ͱʹ஫ҙɽͨͩ͠Ճ଎౓్͕தͰ

มԽͯ͠ɼͨͬߦΓདྷͨΓ͢ΔΑ͏ͳγνϡΤʔγϣϯͰ͸୯७ͳҾ͖ࢉͰ͸ٻ·Βͳ͍ʣɽ

ͯ͞ӡಈํఔࣜ ma = F ͷ྆ลʹ s Λ͔͚Δͱ

mas = Fs ⇒ m · 1
2
(v2 − v20) = Fs (5.3.19)

⇒ 1

2
mv2 − 1

2
mv20 = Fs (5.3.20)

ͱͳΔ͜ͱ͕Θ͔Δɽࠨล͸ӡಈΤωϧΪʔͷมԽͰ͋Γɼӈล͸෺ମʹՃ͑ΒΕͨࣄ࢓Ͱ

͋Δɽ͔֬ʹ্Ͱड़΂͕ͨؔ܎੒Γཱ͍ͬͯΔ͜ͱ͕Θ͔Δɽ

v0 v(t)

t = 0!" t!"

F F#

x0

x

s

x(t)

ਤ 5.4: ϒϨʔΩֻ͕͔ͬͯݮ଎͢Δ෺ମ


